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(57) Abstract: A folded Sagnac fiber optic acoustic sensor array ( 1 200) operates in a manner similar to a Sagnac InterferometO' but 
uses a common delay path lo reduce distributed pickup in downlead fibers. The fiber optic acoustic sensor (716) is used to detect 
acoustic waves in water. By basing the folded Sagnac sensor array on the operating principles similar to the Sagnac interferometer 
rather than basing the array on a Mach-Zehnder interferometer, the sensor airay has a stable bias point, has reduced phase noise, and 
allows a broadband signal source lo be used rather than requiring a more expensive nanowline laser. A large number of acoustic 
sensors (718(N)) can be multiplexed into the architecture of the folded Sagnac fiber optic acoustic array. 
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FOLDED SAGNAC SENSOR ARRAY 



Background of the Invention 



Field of the Invention 

The present Invention is in the field of fiber optic acoustic sensor arrays wherein fight is propagated in the 
arrays and the effects of acoustic signals on the light returning from the arrays are analyzed to detenriine ihe 
characteristics of the acoustic signals/ 

Description of the Related Art 

Fiber optic based acoustic sensors are promising altematives to conventional electronic sensors. Included 
among their advantages are a high sensitivity, large dynamic range, light weight, and compact size. The ability to 
easily multiplex a large number of fiber optic sensors onto common busses also makes fiberoptic sensors attractive 
for large-scale arrays. The recent successful incorporation of multiple small-gain erbium doped fiber amplifiers 
(EDFAs) into a fiber optic sensor array to increase ttie number of sensors that can be supported by a single fiber pair 
has made large-scale fiber optic sensor arrays even more competitive. 

For acoustic detection, the fiber optic sensor of choice has been the Mach-Zehnder interferometric sensor. 
In any interferometric sensor, phase modulation is mapped into an intensity modulation through a raised cosine 
function. Because of this nonlinear transfer function, a sinusoidal phase modulation will generate higher order . 
hanfnonics. An interferometer biased at quadrature (interfering beams itl2 out of phase) has a maximized response 
at ti^e first order harmonic and a minimized response at the second order harmonic. For tiiis reason, quadrature is 
Uie preferred bias point As tiie bias point drifts away from quadrature (for example, due to external temperature 
changes), the response at tiie first order hamaonic decreases and the response at the second order harmonic 
increases. When ttie interferometer is biased at 0 or n out of phase, the first order hamrionic disappears completely. 
This decreased response at tiie first order harmonic (resulting from the bias points away from quadrature) is referred 
to as signal fading. 

Because Mach-Zehnder interferometric sensors have an unstable bias point, tiiey are especially 
susceptible to tiie signal feding problem just mentioned. In order to overcome signal feding, a demodulation of tiie 
returned signal is required. The typical demodulation technique is the Phase-Generated Carrier (PGC) scheme, 
which requires a patti-mismatehed Mach-Zehnder Interferometric sensor. (See, for example, Anttiony Dandridge, et 
al., Multiplexing of Interfyrometric Sensors Using Phase Carrier recftn/aues. Journal of Lightwave Technoloov. Vol. - 
LT-5, No. 7, July 1987. pp. 947-952.) This patti imbalance also causes the conversion of laser phase noise to 
intensity hdise, which limits tiie performance of ttie Mach-Zehnder interferometric sensor arrays at low frequencies 
and places stringent requirements on tiie linewidtti of ttie source. This narrow linewidtti requirement has slowed tiie 
development of amplified Mach-Zehnder interferometric sensor anays at 1 .55 fim. 

The Sagnac interferometer has found widespread use in ttie fiber optic gyroscopes. (See, for example, B, 
Culshaw, et al., Fibre optic gyroscopes. Journal of Phvsics E (Scientific Instruments). Vol. 16, No. 1 , 1983, pp. 5-15.) 
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It has been proposed that thMj^nac interierom^r could be used to detect nRstIc waves. (See. for example. E. 
Udd. Fiber-opHc ac(mOc sensor based on Oib S^nac Interiwaneior, Proceedinos of the SPIE-The IntemaBonal 
Society for Optical Enalneerina. Vol. 425, 1983, pp. 90-91; i^ell Kr&kenes, et al., Sagnac InterfeiometBr for 
undeiwater sound detection: noise pmperties, OPTICS LETTERS. Vol. 14, No. 20, October 15, 1989, pp. 1152- 

s 1 145; and Svene Knudsen, et al., An Ultrasonic Fil)er-OpVc Hydri^tiom Inoo^orsffng a PuslhPuS Trsmducer in a 
Sagrmc We/ferometer, JOURNAL OF LIGHTWAVE TECHNOLOGY. Vol. 12, No. 9. September 1994. pp. 1696- 
1700.) Because of its common-path design, the Sagnac Interferometer is reciprocal and therefore has a stable bias 
point, which eliminates signal feding and prevents the conversion of source phase noise into intensity noise. 
Therefore, the Sagnac interferometer is immune to the phase noise which limits the Mach-Zehnder interferometric 

10 sensors at low Irequencies. 

Summan^ of the Invention 

One aspect of the present invention is an acoustic sensor that comprises a source of light pulses, a first 
coupler, a polarization dependent second coupler, an optical delay path and at least one detector. The first coupler 
couples the light pulses to a first optical path having a first optical length and to an array of sensors. The anay of 

15 sensors comprises at least a first sensor. The first sensor Is iri a second optical path havmg a second opfical length 
different from the first optical length. The polarization dependent second coupler couples light pulses received from 
the first optical path In a first polarization to the optical delay patti and couples light pulses recoved from the anay In 
a second polarization to the optical delay patti. The light pulses coupled to the optical delay patii in ttie first 
polarization return from the optical delay path to the second coupler in the second polarization. The light pulses 

20 coupled to the optical delay path In the second polarization return from the optical delay path to the second coupler 
in the first polarization. The second coupler couples tiie light pulses returning to tiie second coupler from the optical 
delay path in the first polarization to tiie first optical path to propagate ttierein to ttie first coupler. The second 
coupler couples light pulses returning to the second coupler from tiie optical delay path in tiie second polarization to 
ttie array to propagate tiierein to the first coupler. The first coupler combines the light pulses from the first optical 

25 patii and the light pulses from the array to cause light pulses traveling equal distances through the first optical patti 
and the array to interfere and to generate a detect£d)l8 output signal. The detectable ou^ut signal varies In 
response to acoustic energy impinging on the first sensor. The detector deteds the detectebte output signals to 
generate a detector output signal responsive to variations in ttie detectebte output signal from tiie first coupter. 
Preferably, the array includes a second sensor. The second sensor Is in a third optical patii having a ttiird optical 

30 tength different from ttie first optical lengfli and ttie second optical tengtti. Also preferably, ttie polarization 
dependent second coupler comprises a polarization beam splitter. In prefemed embodiments, tiie optica! delay patti 
comprises a length of optical waveguide and a polarization rotating reflector. The reflector causes light incident on 
ttie reflector in ttie first polarization to be reflected as light in ttie second polarization, and causes light incident on tiie 
reflector in ttie second polarization to be reflected as light in ttie first polarization, ttie reflector advantageously 

35 comprises a Faraday roteting mirror. In particulariy preferred embodimente, ttie first optical patti includes a non- 
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reciprocal phase shifter wh^^uses light propagating through the first path in a first direction and light 
propagating through the first optical path in a second direction to experience a relative phase shift such that light 
connbined in the first coupler has a phase bias. Preferably. In such erhbodlmentSi a third optical path is positioned in 
parallel with the first optical path. One of the first optical path and tfie ttiird optical patti includes an optical delay to 
5 cause tile first optical patti to have an optical patii length different from an optical patti lengtii of the ttiird optical 
patti, such ttiat light propagating ttirough ttie first optical patti has a propagation time different from a propagation 
timel of light propagating Uirough ttie second optical path to tfiereby time multiplex tiie light pulses. Preferably, ttie 
nonf-reciprocal phase shifter comprises a first Faraday rotator, a quarter-wave plate and a second Faraday rotator, 
the first Faraday rotator The quarter-wave plate and the second Faraday roteitor are positioned such tiiat light 
10 propagating in tiie first direction passes tiirough tiie first Faraday rotator, tiien tiirough ttie quarter-wave plate, and 
tiien ttirough ttie second Faraday rotator, and such ttiat light propagating in ttie second direction passes tiirough tiie 
second Faraday rotator, ttien through tiie quarter-wave plate, and ttien ttirough ttie first Faraday rotator. 
Alternatively, ttie non-reciprocal phase shifter comprises a first quarter-wave plate, a Faraday rotator, and a second 
quarter-wave plate: The first quarter-wave plate, ttie Faraday rotetor, and ttie second qu^r-wave plate are 
.15 positioned such ttiat light propagating in flie first direction passes ttirough tiie fir^ 

ttie Faraday rotetor, and ttien ttirough ttie second quarter-wave plate, and such that light propagating in ttie second 
direction passes ttirough ttie second quarter-wave plate, ttien ttirough ttie Faraday rotetor, and ttien ttirough tiie first 
quarter-wave plate. 

Anottier aspect of ttie present invention is an acoustic sensor tfiat comprises a source of input light pulses, 
20 an array of optical sensors; an optical delay patti, an optical detector system; and an input/output system. The 
input/output system receives tiie Input light pulses and directs a first portion of each light pulse having a first 
polarization tiirough tiie array of optical sensors In a first direction, ttien tiirough tiie optical delay patti, and ttien to 
ttie optical detector system. The input/output system directs a second portion of each light pulse in a second 
polarization orthogonal to ttie first polarization ttirough ttie optical delay patti, ttien ttirough ttie optical sensor array in 
25 a second direction, and ttien to ttie optical detector system. The optical detector system receives ttie light pulses in 
ttie first and second polarizations and deteds changes in ttie light pulses caused by perturbations In ttie optical 
sensors. 

Anottier aspect of ttie present Invention Is a metfiod of detecting acoustic signals. The metiiod comprises 
generating an input light signal and coupling ttie Input light signal to at least first and second propagation pattis to 

30 propagate in respective first directions therein. The first and second propagation pattis have respective first and 
second optical lengttis. The first and second propagation pattis output respective first and second output light 
portions. The first and second output light portions are output from ttie first and second propagation pattis at 
differing times in accordance witii differences in the first and second optical patti lengttis. The second output light 
portion is modulated by an acoustic signal impinging on the second propagation patti. The first light portion Is 

35 coupled to a delay patii in a first polarization, and ttie second light portion is coupled to tiie delay patti in a second 
polarization. The delay patii outpute a first delayed light portion corresponding to ttie first output light portion. The 
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first delayed light portion hBRe second polarization. The delay path o^^s a second delayed light portion 
. conesponding to the second output light portion. The second delayed light portion has the first polarization. The 
first and second delayed light portions are coupled to the first and second propagation paths to propagate therein In 
respective second directions opposite the respective first directions. The first propagation patti outputs a first set of 

5 return light portions. The first set of return light portions comprise a respective return light portion for each of tiie first 
and second delayed light portions. The second propagation patii outputs a second set of return light portions. The 
second set of return light portions corfiprise a respective return light portion for each of ttie first and second delayed 
light portions. The first and second sets of return light portions are coupled to at least one detector. The return light 
portions in ttie first and second sets of return light portions result from output light portions and delayed light portions 

10 which travel identical optical pati) lengtiis and interfere to generate detectable output signals. The mettiod 
selectively detecte ttie detectable output signals to detect only output signals resulting from interference of light 
portions which propagated in tiie first propagation patti in eittier tiie first dirsction or ttie second direction. The 
detectable output signals vary in response to tiie acoustic signal impinging on tiie second propagation patti. 

Anottier aspect of tiie present invenfion is a sensor ttiat comprises a source of light and a first coupter tiiat 

15 couples light to a common patti and to a sensing anay to propagate in respective first directions ttierein. The 
sensing array comprises a plurality of sensing patiis. A polarization dependent second coupler couples light fi^m 
tiie common pafli and from ttie sensing array to a delay patti. The second coupler couples only light in a first 
polarization from ttie common patti to ttie delay patti. The second coupler couples only light in a second polarization 
from tiie sensing an^y to tiie delay patii. The delay patti rotates light in ttie first polarization to tiie second 

20 polarization and rotates light in ttie second polarization to ttie first polarization. The second coupler furtfier couples 
light from ttie delay patti in ttie first polarization to ttie common patti and couples light from ttie delay patti in ttie 
second polarization to ttie sensing array to propagate in respective second directions ttierein to ttie first coupter. 
The first coupler provides output light responsive to ttie light propagating in ttie respective secoiid directions. A 
detector receh/es ttie output light from ttie first coupler and generates an output signal responsive to interference of 

25 light in ttie first coupler. Preferably, ttie delay patti comprises a lengtti of optical fiber and a polarization rotating 
reflector. The lengtti of optical fiber is selected to provide an optical delay time. The light propagates ttirough ttie 
optical fiber ftom ttie second coupler to ttie reflector. The reflector reflects light into ttie optical fiber to propagate 
ttirough ttie optical fiber to ttie second coupler. The reflector furttier rotates light incident In the first polarization to 
ttie second polarization and rotates light incident in ttie second polarization to tiie first polarization. Preferably, tiie 

30 reflector comprises a Faraday rotating mirror. Also preferably, ttie polarization dependent second coupler comprises 
a polarization beam splitter positioned so tiiat ttie delay patti receives ttie light firom a port of ttie polarization beam 
splitter and retums light to ttie port of ttie polarization beam splitter.' 

Brief Description of ttie Drawings 

The present invention will be described below in connection witii ttie accompanying drawing figures in which: 

35 Figure 1 illusttates an exemplary Sagnac interferometer having a single sensing loop; 
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Figure 2 illustrates Vgnac sensor array in accordance witfi the piHt invention wherein each rung of a 
serisor array forms an addliioi^SagnacinteiferDmeter; . 

Rgure 3 illustrates a Sagnac sensor array which includes erbium-doped fiber amplifiers to r^enerate signal 
power lost to coupling and dissipabVe losses; 

Rgure 4 Illustrates a graph of the frequency response of a Sagnac interfierometer in accordance with present 
invention compared with the three dominant ocean floor ndses; 

Figure 5 Illustrates graphs of the maximum and minimum acoustic signal detectable by a Mach-Zehnder 
interfeiometer and detectable by a Sagnac interferometer in accordance with the present invention, showing the 
relatively constant dynamic range of a Sagnac interferorneter over a wide range of frequencies; 

Figure 6 illustrates graphs of the rrdnlmum detectable acoustic signal versiB fi^quency for three Sagnac 
inlerfisrometer configurations having different ler^ of fiber in the hydrophone and the delay loop; 

Rgure 7 illustrates a Sagnac Interferometer in accordance with the present invention which Includes an 
additional delay loop to Incre^ the dynamic range of the interferometer; 

Rgure 8 illustrates a graph offhe dynamic range provided by the interferometer of Figure 7; 

Rgure 9A illustrates the positioning of the delay loop of the interferometer in the dry end of a sensor array 

system; 

Rgure 9B illustrates the positioning of the delay loop of the interfierometer in the wet end of a sensor anay 

system; 

Figure 10 Illustrates the Sagnac interferometer of Figure 9B with annotations showing the lengths used in 
calculations of the effects of phase modulation; 

Rgure 11 illustrates a technique for winding the delay loop so as to reduce the effects of the acoustic wave 
upon the delay loop; 

Figure 12 illustrates a Sagnac interferometer in accordance with the present invention which includes empty 
nings which detect distributed picl(-up noise which .can be subtracted ftom the signals generated by the sensors; 

Figure 13 illustrates a Sagnac interfierometer in accordance with the present Invenfion which Includes a 
depolarizer to reduce the effects of polarization induced fading; 

Figure 14 illustrates a Sagnac interferometer which utifizes frequency divisional multiplexing; 

Rgure 15 illustrates a graph which shows the generation of the beat signals between the delayed modulation 
signal and the returning sensor signals in the interferometer of Figure 14; 

Rgure 16 illustrates a Sagnac InterfBrometer which utilizes code division multiplexing; 

Rgure 17 illustrates the architecture of a Iblded Sagnac acoustic fiber sensor ansy; 
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Rgure 18 iustrate^Pbph of the number of returned pulses per tin^Hrval, showing the separation in time 
of signa) pulses and noise pulses; 

Rgure 19 Illustrates a folded Sagnac acoustic fiber sensor anay having a second delay loop to provide 
extended dynamic range; 

5 Figure 20 illustrates a folded Sagnac acoiistic fiber sensor anay having a phase modulator and nulling dicuitry 

in place of the reflector in l=igure 17; 

Figure 21 Illustrates a fiirtiier aKemafive embodiment of Rgure 19 in which the two delay loops are 
connected to different ports of the coupler; 

Figure 22 illustrates an alternative embodiment of a fiber optic acoustic sensor array system using a 
10 Faraday rotating mirror; 

Figures 23A, 23B and 23C Illustrate further alternative embodiments of a fiber optic acoustic sensor array 
vrtiich utilize an unpolarized light source in combination with a depolarizer, a polarization beam splitter and a 
Faraday rotating minor; 

Rgure 24 illustrates an alternative embodiment of a folded fiber optic acoustic sensor array udiich utilizes 
15 an unpolarized light souice in combination with an optical circulator, a 2x2 coupler, and a non^ciprocal phase 
shifter; 

Rgure 25 illustrates an alternative embodiment of a folded fiber optic acoustic sensor array similar to Rgure 
24 m which the depolarizer is located in the second anay input/ou^ut fiber, 

Rgure 26 Illustrates a first prefened embodiment of the non-reciprocal n/2 phase shifter in Figures 24 and 
20 25, which illustrates the effect on the polarization of the light propagating in a first direction through the phase shiften 

Rgure 27 illustrates the effect on the polarization of the light propagating in a second (opposite) direction 
through the phase shjfter of Rgure 26; 

Figure 28 illustrates an altemathre preferred embodiment of the non-reciprocal nl2 phase shifter in Rgures 
24 and 25, which illustrates the effect on the polarization of the light propagating In a first direction through the phase 
25 shifter; 

Rgure 29 illustrates the effect on the polarization of the light propagating in a second (opposite) direction 
through the phase shHler of Rgure 28; 

Rgure 30 illustrates a further alternative embodiment of a folded fiber optic acoustic sensor anay, which 
utilizes polarizatfon-based biasing for multiple detectors, wherein each detector has a bias point which can be set 
30 independently of the bias points of the other detectors; 

Rgure 31 illustrates an alternative embodiment of a folded fiber optic acoustic sensor array similar to Figure 
30 in which the depolarizer is located In the second anay Input/outout fiber; 
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Figure 32 illustratesHtematVe embodiment of a folded fiber opfic^mstic sensor array similar to Rgure 
30 in which an optical circulator replaces the 2^2 coupler, 

Rgure 33 illustrates an alternative embodiment of a folded fiberoptic acoustic sensor array similar to Figure 
32 in which ttie depolarizer is located in ttie second array input/output fiber, 

5 Rgure 34 illustrates a furttier altemative embodiment of a folded Sagnac sensor aoBy, which includes a 

combined input/output subsystem; 

Rgure 35 illustrates an altemative embodiment of a folded fiber optic acoustic sensor an^y similar to Figure 
34 in which the depolarizer is located in the second array input/output fiber; and 

Figure 36 illustrates a further altemative embodiment of a folded fiber optic acoustic sensor anay similar to 
10 Rgures 34 and 35 in which tiie detectors are coupled to the input/output subsystem by optical fibers to pennit the 
detectors to be located remotely. 

Detailed Description of ttie Preferred Embodiments 

The present Ihvenbon is described below in connection with an anay of acoustic sensors (e.g., hydrophones) 
in a Sagnac loop. Befiore describing ttie prefened embodiments, a brief review of ttie operation of a single loop Sagnac 
15 acoustic sensor is provided. 

Single Loop Saonac Acoustic Sensor 

A simple Sagnac-based acoustic sensor 100 is shown in Figure 1. The Sagnac loop is divided Into two 
portions, a delay loop 102 and a hydrophone 104. The delay loop 102 is simply a large lengtti of fiber* typically 
greater than 1 km. Hie hydrophone 104 is a portion of fiber in which an acoustic wave is transformed into a phase 

20 modulata'on of an optical signal propagating tfirough ttie fiber A high responsivity to acoustic waves is typically 
accomplished by selectirig optimized coatings for ttie section of fiber in ttie hydrophone 104, and wrapping ttie fiber 
around a mandrel of suitable composition. (See, for example, J.A. Bucaro, et al, Optical fibm sensor coatings^ 
Optical Rber Sensors. Proceedinos of ttie NATO Advanced Study Institute. 1986, pp, 321-336.) The lengtti of fiber 
wrapped around the hydrophone 104 is typically 10 meters to 100 meters. Light from a source 110, such as, for 

25 example, a superfluorescent fiber source (SFS), is split into ctoclcwise (CW) and counter-clockwise (CCW) beams by 
a 3x3 coupler 112. The operation of the 3^3 coupler 112 is well-known and is described, for example, in Sang K. 
Sheem, Fiberoptic gy!X>scope with [3x3] directior^al mupler, AoDlled Phvsics Letters. Vol. 37, No. 10, 15 November 
1980, pp. 869-871 

Alttiough described herein as using a 3^3 coupler 112, ottier couplers (e.g., a 2x2 coupler, a 4x4 coupler, 
30 etc!) can be used with altemative embodiments of the present invention. For example, to use a 2x2 coupler, botti 
ports of one side are used to create the Sagnac interferometer. One port of ttie ottier side is a detection port. The 
remaining port is used to launch light into flie anay and can also be used as a detection port if a coupler or circulator 
Is employed (in a similar manner as is done witti fiber optic gyroscopes). In general, any nxm coupler can be 
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employed by using two port^^ne side of the coupler to create tiie Sagnacfflerfsrometer and using the ports on 
the other side of the coupler as detection ports, launching ports, or t)oth. 

After splitting, the CW beam travels through the delay loop 102 first and then through the hydrophone 104. 
while the CCW beam travels through the hydrophone 104 first and then through the delay loop 102. During a time 
5 delay Tdws/between a time when the CW beam travels through the hydrophone 104 and a time when tile CCW beam 
travels through ttie hydrophone 104, the acoustic signal and likewise the acoustically induced phase modulation in 
the hydrophone 104 changes. This change in phase modulation is mapped into a phase difference between the 
counter-propagating beams, which is converted into an intensity modulation when tiie beams recombine at the 3x3 
coupler 1 12. This intensify modulation is then detected by a first detector 120 and a second detector 122 or by only 
10 one of ttie two detectors. 

More explicitiy. if an acoustic signal induces a phase modulation ^s(at) in the fiber of the hydrophone 
104, the resulting phase modulation between the interfering beams at the hydrophone 104, ^inii), is given by. 



= 2^;jSid — -=2^ sm Q/+ =2^ 



(1) 

where Tcfe/ay is the travel time through the delay loop. Thus, M) te a function of tiie hydrophone modulation ^/i 

15 and ttie product of the acoustic modulation frequency, Cl, with the loop delay. T(/e/ay- This differs fiDm a Mach- 
Zehnder mterferometric sensor in which ^iniffy Is a function of only ttie hydrophone modulation jJ/j. Maximum 
sensitivity is achieved in the Sagnac loop acoustic sensor when ttie product of tiie acoustic frequency, Q, and the 
fame delay, Tdelay, is an odd muKipte of n (maximum value of the first sine tenn in Equation 1). The acoustic 
frequency which makes this product % is calted the proper frequency of the loop, which is the lowest fiBquency at 

20 which maximum sensitivity is achieved. i\4ost underwater sensing applications are concerned witti the detection of 
acousfac frequencies below 1 0 kHz. For ttie proper loop frequency to be less^ttian 10 kHz, a delay time of at least 50 
microseconds and ttierefore a delay loop lengtti of at least 10 km is required. Thus, tiie Sagnac acoustic sensor 100 
requires a large amount of fiber for ttie detection of low acoustic frequencies (<10 kHz). 

The commorvpatfi design inherent to tiie Sagnac interferometer has. many advantages over a Mach- 

25 Zehnder interferometer in addition to ttie stable bias point and elimination of phase noise already mentioned. A 
Sagnac interferometer allows ttie use of a short-coherence lengfli, broadband source, such as a superiluorescent 
fiber source (SFS), an exampte of an amplified spontaneous emission (ASE) source. Such sources are inexpensive 
and can readily provide high powers. It has been shovm ttiat ttie use of ttie 3x3 coupter passively biases ttie 
Sagnac acoustic sensor near quadrature. (See, Sang K. Sheem, Fiber-optic gyroscope with 13*3] directmnal 

30 coupler, Appfied Physics Lettere. Vol. 37. No. 10,' 15 November 1980, pp. 868-871; and H. Poisel. et al., LovNXist 
ribre^pHc gyroscope, Electronics lettere. Vol. 26, No. 1, 4>» Januaiy 1990. pp. 69-70.) By subtracting ttie signals 
from ttib two detection ports of ttie 3x3 coupler, ttie source access noise, whfch is ttie limiting noise source of SFS 
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sources, can be subtracted HR phase-modulation induced intensity variafiolRue to the liydrophone are added. 
This allows a Sagnac interferometer to approach near shot-noise limited performance. (See, l^ell Kr&l(enes, et ai., 
Sagnac interfonmieter for umlemstor sound detet^on: noise prqteiVes, OPTICS LETTERS. Vol. 14, No. 20, 
October 15. 1989, pp. 1152-1145.) 
s Previous work on Sagnac-based acoustic sensors has beeii limited to a single sensor configuration. 

Because of the inherent advantages of the Sagnac interferometer, Applicants have determined that it Is desirable to 
replace the Mach-Zehnder Interferometric sensors in a large-scale an^y with Sagnac based sensors. Each Sagnac 
sensor 100 discussed above requires many kilometers of fiber, making the insertion of numerous such sensors into 
a large-scale anay impractical. Research into using recirculating delay loops to reduce the fiber length requirement 
.. 10 has produced sensors which use significantly less fiber but suffer fipom high noise due to the Incorporation of EOFAs 
within the recirculating loop. (See. tor example, J.T. Kringlebotn, et al., Sagnac Merfemmeter Including A 
Recimulaling Ring With An Eibhatniopod FSm AmpliSer, OFS '92 Conference Proceedings, pp. 6-9.) A novel 
approach for decreasing the fiber required is described below. 

Novel Sensor Anay Based on the Saonac Interfjerometer 

15 As set forth below, Applicants have discovered a novel system which reduces the amount of fiber needed 

for a Sagnac-based large scale array by muttipladng multiple sensors onto the same delay loop, producing a 
practical Sagnac sensor anay (SSA). As illustrated in F^ure 2, a Sagnac sensor anray 200 in accordance with the 
present invention includes an anay 210 of hydrophones 212(1) in a ladder configuration which are attached to a 
single delay loop 214. For example. Figure 2 shows a Sagnac sensor anay 210 having N hydrophones 212(1), 

20 212(2) ... 212(N) in respective njngs 216(1), 216(2) ... 216(N). Each njng.216(i) in the Sagnac sensor anay 210 
comprises a single fiber wrapped around a respective hydrophone 212(1). Every path from a 3^3 coupler 220 
through the delay, loop 214 and anay 210 and back to the coupler 220 comprises a separate Sagnac Interferometer. 
Therefore, for an anay of N sensors 212. there are N separate Sagnac interferometers, each of which behaves like 
the/Slngle loop Sagnac sensor 100 shown in Figure 1. Each Sagnac interferometer measures the acoustic signal at 

25 a separate point In space, i.e., the location of the hydrophone 212(1). For example, the Sagnac interferometer 
comprising the delay loop 214 and the nmg 216(1) measures the acoustic signal at hydrophone 212(1). In addition, 
each Sagnac inteiiferometer also picks up acoustic signals (e.g., noise) elsewhere in the loop, which noise is 
ad\«ntageously reduced, as wHI be discussed betow. 

The Sagnac sensor anay 200 is easiest understood in a time^ivision multiptexed (TDM) configuration 

30 (non-TDM schemes are discussed later). A source 222 (which may advantageously comprise a conventional pulsed 
source or may comprise a cw source vwtii an extemal modulator) generates a light pulse which enters the Sagnac 
loop via a third port of the coupler 220 and propagates in botti tiie CW and CCW directions as Indicated in Figure 2. 
Upon reaching the anay 210, the CCW pulse is split into a train of N separate pulses. At this point, ttie CW input 
. . pulse has not yet reached the anay 210 and is still a single pulse. When the CW pulse reaches tiie array 210. It 

35 also is split into a train of N pulses. Each pulse In the CW train retoms to the 3x3 coupler 220 after traveling through 
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a respecdve rung 216(i) and^^eres with the pulse in the CCW train whicnK traveled the same rung 216(0 in 
the opposite direction. Thus. N pulses are detected by a first detector 230 and a second detector 232, and each 
pulse comprises the CW and CCW pulses of one of the N Sagnac loops (i.e., the two pulses which have traveled in 
opposite directions through the same respective rung 216(i)). Because the pulses which travel through different 
combinations of rungs do not travel identical optical paths, such pulses are not coincident in time at the coupler 220, 
and thus do not interfere with each other at the coupler 220. The pulse widths should be smaller than the differential 
delay between adjacent sensors so that Oie pulses from adjacent sensors do not overlap. 

As illustrated in Figure 3. small-gain erbium doped fiber amplifiers (EOFAs) 240 are advantageously added 
to the array portion 210 just as EDFAs have been added to Mach-Zehnder interferometric sensor arrays. (See, for 
example. Craig W. Hodgson, et al., Opiim'aation of Large-Scale Fiber Sensor Arrays Incorporating Multiple Optical 
AmfMeis-Paitl: SIgnalMoise Ratio, JOURNAL OF LIGHTWAVE TECHNOLOGY. Vol. 16, No. 2, February 1998, 
pp. 218-223; Craig VV. Hodgson, et al., OpSmizaBon of Large-Scafe F/tor Smsor Arrays Incoiporaang Multiple 
Optical Amplifieis-Paft II: Pump Power, JOURNAL OF LIGHTWAVE TECHNOLOGY. Vol. 16. No. 2, February 1998, 
pp. 224-231; Jefferson L Wegener; et al., A/ove/ Fiber Smsor Arrays Using Erbium43oped Fiber Amplifiers, 
JOURNAL OF UGHTWAVE TECHNOLOGY. Vol. 15, No. 9, September 1997, pp. 1681-1688; and CW. Hodgson, 
et ai.. Large-scale interieroimtric Kier sensor arrays witii multiple opISf^ ampMers, OPTICS LETTERS. Vol. 22. No. 
21, November 21. 1997. pp. 1651-1653.) The EDFAs 240 increase the number of sensors which can be supported 
by a single array 210 by regenerating the signal power which is lost to coupling and dissipative Ibsseis. The EDFAs 
are advantageously pumped by one or more pump laser sources 242 via a splitting coupler 244 and via a.first. 
wavelength division multiplexing (WDM) coupler 246 and a second WDIVI coupler 248. 

Because it uses the Sagnac architecture, the Sagnac sensor array 200 has all of the advantages of the 
single loop Sagnac.based sensor 100 discussed above. The coiranon-path design eliminates the conversion of 
source phase noise into intensity noise at the Interfering coupler 220. The source 222 can be a fiber ASE (amplified 
spontaneous emission) source (l.e., the SFS discussed above), which provides high powers inexpensively at 1.55 
^m. Passh/e biasing near quadrature is achievatiiie for all sensors by using the Z*Z coupler 220. Also, the 3x3 
coupler 220 provides a convenient means to detect two Interferometric outputs at tiie detectors 230. 232, and to use 
the outputs of the two detectors to subtract soun» excess noise. (See. for example. K. Krakenes. eL al.. Sagnac 
interferometer for undenvater sound detection: noise properties. OPTICS LETTERS. Vol. 14. 1989. pp. 1152-1154, 
which show^ the use of two detectors in combination with a single Sagnac interferometer.) 

The properties of this novel Sagnac sensor array 200 mil be discussed more specifically below followed by 
a more detailed discussion of the frequency response and dynamic range which result from the use of a Sagnac 
interferometer. Thereafter, a calculation of the magnitude of the distibuted pick-up from the norvhydrophone fiber 
loop segments will be described, along with a technique for reducing this ptok-up magnitude. Polarization vidll also be 
addressed below. New sources of noise whteh are introduced by the Sagnac design are then discussed. Finally, 
multiplexing schemes other than TDM for the Sagnac sensor array are presented. 
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Although the presenfUrention is described above with respect to a s^P sensor in each rung 216(1) of the 
array 210, it should be understood that each rung 216(0 niay advantageously comprise a subarray having multiple 
sensors, such as are described, for example, hi allowed U.S. Patent Application No. 08/814,548, filed on March 11, 
1997, which is incorporated by reference herein. (See, also, C.W. Hodgson, et al., Large^scsie interiemmetric fiber 

5 sensor arrays with multiple optical amplifiers, Optics Letters, Vol. 22, 1997, pp. 165M653; Ji. Wegener, et al., 
Novel fiber sensor arrays using erbium-doped fiber amplifiers, Joumal of Lightwave Technoloav. Vol. 15, 1997, pp. 
1681-1688; C.W. Hodgson, et al., Optimization of large-scale fiber sensor arrays incorporating multiple optical 
amplHiers, Part I: signal-toHioise ratio, Joumal of Lightwave Technology. Vol. 16, 1998, pp, 218-223; and C.W. 
Hodgson, et al., Optimization oflarge^cale fiber sensor arrays incorporating multiple optical amplitiers, Part II: pump 

10 pomr, Joumal of Uohtwave Technology. Vol. 16, 1998, pp. 224-231 .) 

Freouencv Response 

ks set forth above, the Sagnac sensor has a ^uency dependent response given by Equation 1. At 
frequencies well below the proper frequency of the loop,,d6fined as 1/(2'Tdelay)i the minimum detectable acoustic 
signal scales with the inverse of acoustic firequency. This decreased acoustic sensitivity at low frequencies has 

15 been a major concern for the Sagnac acoustic sensor. However, it has been pointed out that this decreased 
sensitivity at low frequencies is fortunately matched by an Incneaslng ocean noise floor (See, for example, Sverre 
Knudsen, Ambient and Optical Noise in Fiber-Optic Interferometrh Acoustic Sensors, Fiber-Qptic Sensors Based on 
the Michelson and Sagnac InterfeiDmeters: Responsivitv and Noise Properties. Thesis, Chapter 3, Norwegian 
University of Science and Technology, 1996, pp. 37-40.) Ideally, It would be desirable if the minimum detectable 

20 acoustic signal of an array at a given frequency were to be a constant amount below the ocean noise floor at tiiat 
frequency. Thus, the minimum detectable acoustic signal would also increase at lower frequencies to match tiie 
increasing ocean noise floor. The frequency response of the Sagnac sensor array 200 of the present invention in 
fact does provide a good match between the oceari noise floor and acoustic serisitivlty. This is illustrated in Rgure 
4, where the minimum detectable acoustic signal for a Sagnac sensor an^y is plotted as a curve 250 assuming an 

25 optical noise floor of 10 ^rad/ VHz , a hydrophone phase responsivity of 3.2 x lO-^rad/fiPa and a delay loop lengtii 
of 20 km. (The vertical axis is in dB relative to a baseline of 1 ^rad/ Vlfe .) Also plotted in Figure 4 are ttie ocean 
noise floors for ttie three dominant ocean noise souroes at ttiese frequencies and a resulting sum of the noise from 
tiie ttiree sources. A curve 252 represents tiie noise fifom ocean turbulence, earthquakes, volcanic eruptions, and 
ttie like. A curve 253 represents light shipping noise. A cun^e 254 represents DSSO (distant shipping and storms) 

30 noise. A curve 256 represents the sum of the noise floors from the three dominant sources (i.e., ttie suni of ttie 
curves 252, 253 and 254). (See, for example, Robert J. Urick, The noise background of the sea: ambient noise 
level, Princioles of Undenwater Sound. 3rd Ed., Chapter 7, IMcGraw-Hili, 1983, pp. 202-236.) The minimum 
detectable acoustic signal of ttie Sagnac sensor array 200 increases in such a way as to provide a nearly constant 
amount of detecteble signal below ttie ocean noise floor at all frequencies below 10 kHz. Thus, ttie frequency- 

35 dependent response of ttie Sagnac sensor array 200 does not prohibit low-frequency acoustic detection. The Mach- 
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Zehnder array shows the sIVtrend as the Sagnac sensor anay, namely ^rocrea^ng sensitivity towards lower 
frequencies, M in the Mach-Zehnder array, the decreasing sensitivity is smaller than in the Sagnac-based sensor. 

Although both the Mach-Zehnder interlerometer and Sagnac sensor array 200 have similar frequency- 
dependent responses, the source of Qteir frequency responses is fiindament^ly different The increasing minimum 
detectable signal in the Mach-Zehnder interferometer sensor anay is due to an increasing optical noise floor. The 
cause of this increasing optical noise floor is the phase noise introduced by the path-imbalanced Mach-Zehnder 

interferometer. Thus,.although the noise floor is 10 |irad/>/Hz at 10 i(l4z, it increases towards lower frequencies. 
In the Ss^nac sensor anay 200, the increasing minimum detectable acoustic signal is due to the sin(QT(/e/8y/2) 
term in Equation 1, and not to an increasing optical noise floor. The optical noise floor remains a constant 10 
fUBd/>/EE over the entire frequency range. 

The significance of this difference can be seen by examining the dynamic range of the Mach-Zehnder 
interferometric sensor anay and Sagnac sensor array 200, illustrated in Rgure 5. The dynamic range of a sensor is 
limited by the minimum and maximum detectable phase shifts. For interferometric sensors, the maximum detectable 
phase shift is iirruted by the nonlinear response of the interferometer and the n^imum detectabtevphase^ by ^ . 
optical noise floor. Both the Mach-Zehnder interfisrometrte sensor anay and the Sagnac sensor anray have 
maximum detectable phase shifts which are constant over the acoustic frequency range. However, the Sagnac 
sensor anay 200 also has a flat minimum detectable phase shift because It has a flat optical noise floor, while the 
Mach-Zehnder interferornetric sensor anay suffers an increasing minimum detectable phase shift due to an 
increasing optical noise floor caused by the phase noise introduced by the path imbalanced interferometer. The 
Sagnac sensor array 200 thus has a constant dynamic range at all acoustic frequencies, while the Mach-Zehnder 
interferometric sensor array has a decreased dynamic range at low acoustic frequencies. This is illustrated in Figure 
.5, wherein the minimum and maximum detectable acoustic signals (in dB arbitrary units) are.plptted for the Sagnac 
sensor anay 200 and a Mach-Zehnder interferometric sensor anay. As shown in Rgure 5, both anays have an 
approximately 100 dB dynamic range above 1 kHz, where phase noise does not limit the Mach-Zehnder 
interferometnc sensor anay. At 10 Hz, phase noise dominates the l\^-Zehnder interferometric sensor array, and 
its dynamic range is reduced to approximately 74 dB. Meanwhile, the dynamic range of the Sagnac sensor anay 
200 remains at approximately 100 dB. 

It is interesting to examine the frequency re»sponse of the Sagnac sensor anay 200 at frequencies weO 
below the loop proper frequency as a furidion of the delay loop length and hydrophone responsivity. At these 
frequencies, the sin(nT(/e/ay/2) factor in Equation 1 can be approximated as nJdelayti, shovwng that the 
responsivity of the Sagnac sensor anay 200 is proportional to the product of and Trfe/ay- "th itself is proportional 
to the amount of fiber in each hydrophone 21 2(i), and Trfe/ay is proportional to the amount of fiber in the delay toop 
214. Thus, the responsivity at frequencies well below the loop proper frequency is proportional to the product of the 
hydrophone fiber length and delay fiber length. Figure 6 plote the minimum detectabte acoustic signal for several 
Sagnac sensor anay configurations in whidi the product of the lengtti of fiie fiber in each hydrophone 21 20") and the 
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length of the fiber in the del^op 214 is constant, but the relative dIstributioM fiber between 0te delay loop 214 
and each hydrophone 212(0 chafiges. For example, a curve 260 represents the frequency response of a Sagnac 
sensor anay 200 ha\nng 45 km of fiber in its delay loop 214 and 100 meters of fiber in each hydrophone 212(0; a 
cur\'e 262 represents the frequency response of a Sagnac sensor an^y 200 having 30 km of fiber in its delay loop 

5 214 and 150 meters of fiber In each hydrophone 212(0; and a curve 264 represents the frequency response of a 
Sagnac sensor anay 200 having 15 km of fiber in its delay loop 214 and 300 meters of fiber in each hydrophone 
212(0. As illustrated, each Sagnac sensor anBy 200 has the same sensitivity at low frequencies, but approaches a 
maximum sensifivity at different frequencies given by their respecfive loop proper finequencies. Thus, for a given 
minimurri detectable acoustk) signal at k>w frequences, there is still some fiieedom In choosing the fiber lengths of 

10 the delay toop 214 and the hydrophones 212(0. 'This freedom may be used to help the Sagnac sensor array 200 
satisfy other criteriia, such as minimizing the total amount of fiber required or minimbnng the delay krap length. 

Increasing the Dynamic Range of the Saonac sensor anav .... , 

As discussed above, the Sagnac sensor anay 200 has a larger dynamic range at low acoustic fifequendes 
thip QUeliich-Zbhnder Interferometrfc sensor anay because it is immune to phase noise. Ideally, an anay 200 

IS provides enough dynamic range to detect the strongest and weakest acoustic s^nal which are likely to be 
encountered. This requirement often translates Into a required dynamic range of approximately 150 dB. In order to 
achieve such a terge dynamic range in a Mach-2^nder Interferometric sensor anay, two separate sensors witii 
different phase responsivities are required, with each detecting a fiaction of the total 150 dB dynamic range. The 
obvious disadvantage to this scheme Is that it requires two sensor anays (i e*, twtee as many hydrophones, mngs, 

20 sources and detectors). . Effectively, an anay which can support N hydrophones can detect the acoustic signal at 
only N/2 points. 

In the Sagnac sensor anay 200, it is possible to achieve a large dynamic range without using additional 
hydrophones 212. Because the phase responsivity.ln the Sagnac sensor anay is a function of the hydrophone 
responsiVity and delay loop lengtti, as shown in Equation 1, the phase responsivity of the entire anay of 

25 hydrophones can be changed by modifying ti« delay loop length. By simutteneousfy using two separate delay toops 
214(1) and 214(2) of jength Li and L2, respectively, as shown in a modified sensor anay 266 In Figure 7. the 
detection range of the anay 266 can be dramatically Increased. The anay 266 now has 2N separate Sagnac toops. 
Each hydrophone 212(0 f^tums a separate signal for each of tiie two delay loop patiis, and tiie tength of each delay 
loop 214(1). 214(2) detennines flie acoustic detection range of tfiat signal. The total acoustic detection range of 

30 each hydrophone 212(0 Is the union of the detection ranges of each of the two Sagnac loop sensors which enclose 
the hydrophone 212(0. The lengths of Li and L2 set Uie acoustic detection range. The lengtti L1+L2 Is chosen to 
. allow tiie array 26S to detect tiie smallest acoustic signal of Interest. The lengtii Li of the delay loop 214(1) Is tiien 
chosen to place Uie detection range of the signals which travel only this shorter delay loop on top of the detection 
range of tfie.signals which faavel botii delay loops 214(1), 214(2). In a TDM system, as a result of the insertion of a 

35 second loop. 0ie repetition fiequency of the source pulses are halved in order to allow time for 2N pulses to return, 
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and the lengths of the dela^^Rps 214(1), 214(2) are chosen such that thMs no pulse overiap. Because the 
repetition frequency is halved, the dynamic range of each individual signal decreases by 3 dB. This decrease is 
more than offeet by the increase in the total dynamic range achieved by piggybacking the dynamic range of two 
separate signals. In Rguns 7, the second delay loop 214(2) is positioned such that all light passing through the 
second delay loop 214(2) passes through the first delay loop 212(1). It should be understood that, alternatively, the 
two delay loops 214(1), 214(2) can be optically in parEillel such that ttie light which passes through ttie second delay 
loop 214(2) does not pass tiirough tiie first delay loop 214(1). In such case, the fiber length of tiie second delay loop 
214(2) would have to be the sum of ti\e first length and Uie second length (i.e.. L1+L2). But. since l\ is considerably 
shorter than L2, this adjustment is not essential. The embodiment of Rgure 7 reduces ttie total fiber requirements 
by adding tiie lengtti of tiie first delay loop to the second delay loop. 

Figure 8 illustrates the extended dynamic range made possible by using the two delay ]oaps 214(1), 214(2) 
in tiie array 266 in which tiie dynamic range of each signal Is 100 dB and tiie ratio L1/L2 was set to be 5000. As 
shown, tiie anay 266 is now able to detect over ttte entire dynamic range of interest (approximately a 160-dB range) 
without Increasing tiie hydrophone count 

Distributed Sensing 

In tiie Sagnac sensor array 286, any phase modulation In tiie Interferometer can be transferred into an 
int^Ky modulation at tiie interfering 3x3 coupler 220. This disbibuted sensing over tiie entire Sagnac loop is 
disadvantageous for an acoustic sensor anay. in order to be practical, tiie acoustic sensor array should sample Uie 
acoustic signal at a number of discrete points in space (I.e., at tiie hydrophones) and return tiiese signals 
Independenfly. Mach-Zehnder interferbmetric sensor arrays achieve ttiis because tiie interferometer is confined 
vidttiln a small space and tiius only senses at tiiat point In order for tiie Sagnac sensor anay 266 to be (»actical, tiie 
distributed sensing of the Sagnac loop must be decreased. 

The bulk of ttie fiber in tiie interferometer constitutes tiie delay loop 214, which can be located in two 
positions. The first is witii tiie source 222 and tiie detection eiedronics (i.e., the detector 230 and ttie detector 232) 
In ttie dry end (i.e., out of ttie water), as shown in Figure 9A. Here ttie delay loop 214 can be environmentelly 
shielded to minimize any external modulation. However, downlead fibers 270, 272 vvhich connect ttie wet end to ttie 
array portion 210 are part of ttie Interferometer. The second possibility Is to locate ttie delay loop 214 In ttie wet end 
(l.e., in ttie water) witti ttie anay 210. as shown in Figure 98. As such, ttie delay loop 214 cannot be isolated to ttie 
same extent as it could if it were located in ttie dry end, but ttie downlead fibers 270. 272. 274 are outside of tiie 
interferometer and tiius are non-sensing. The relative magnitude of the downlead and delay loop distributed pick-up 
dictates which configuration is best suited for a particular application. It should be noted Oiat if ttie delay loop 214 Is 
located in the dry end (Figure 9A), the dovwilead fibers 270. 272 must remain stationary to prevent physical 
movements, such as bending and vibrations, of ttiese fibers, which can induce extiemely large phase modulations. 
These are fiber motion induced phase modulations as opposed to acoustically-induced phase modulations. (Such 
physical movements are problems in towed arrays, but may not be significant problems in stationary anays.) Thus, 
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if the delay loop 214 Is locat^^ the dry end (Figure 9A), the entire wet end OTihe Sagnac sensor array 210 must 
be stationary. However, with the delay loop 214 located in the wet end (Figure 9B), only the portion to the right of 
the 3x3 coupler 220 In Rgure 9B must remain stationary since the downlead fit)ers 270, 272, 274 are not then part 
of the Interferoineter. When the delay loop 214 is located in the wet end (Figure SB), the delay loop fit)er must be 
desensitized. The delay loop 214 can be made stationary by wrapping the delay loop fibers around a desensitized 
cylinder (not shown), thereby eliminating fiber motion and making acoustic picl(-up the dominant soun:e of 
distributed pick-up signal. Because it is easier to desensitize fiber to acousticallynnduced phase modulation than it 
is to desensitize fiber to movement-induced phase modulation, the configuration which locates the delay loop 214 in 
the wet end (Figure 9B) is preferable for towed anay applications and will be described in more detail below. 

Calculation of the Acoustic Pick-up Noise Induced in the Delay Loop 

In this section, estimates are derived for the magnitude of tiie acoustically induced distalbuted ptek-up noise 
as compared to tiie acoustically Induced hydrophone phase modulation In the Sagnac sensor array 210 of Rgure 
9(b). The intensity modulation due to the distalbuted phase modulations resulting from the pick-up of acoustic 
signals in the delay loop and bus fiber (the fiber connecting each hydrophone to the delay loop and ttie 3x3 coupter) 
can, be considered a source of noise. For the fbltowing discussion, consider one loop of the Sagnac sensor array as 
comprising only delay fiber of length U a bus fiber of length U a hydrophone fiber of length U and a total lengtti L, 
as shown In Figure 10. Also assume that U is much larger ttian U and U The phase responslvity of fiber to 
acoustic signals results from a pressure dependent propagation constant, p. In general, ttie pressure dependent 
component of tiie propagation constant at a position / and time t can be written as: 

fiM^fiomPM (2) 

where po is the zero-pressure propagation constant, R(l) is the normalized phase responslvity of the fiber, and P(l,t) 
is the pressure as a function of space and time. If a sinusoidal acoustic signal of frequency q is assumed, Equation 
2 can be rewritten as: 

fiM^fi,Ril)[Po+P.svaiQt + 0(t))] (3) 
where Po is the steady-state pressure, Pm is the amplitude of the pressure modulation (assumed to be Independent 
of 0, and u(/) contains the spatial phase variation of the acoustic wave. In general, the induced phase difference 
between interfering beams in a Sagnac loop due to acoustically induced phase modulation from Ni to H2 Is given 
by the integral: 



(4) 



where V is the speed of light In the fiber, and L is the loop length. Substituting Equation 3 into Equation 4 yields: 

«L(0 = j'^m^sm^S^t+i:^y0i^^^^ di (5) 
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Equation 5 can be used to d JRine the phase difference between interferinglRrns due to acoustic modulation of 
ttie hydrophone, bus. and delay fibers. 

For the hydrophone fiber. Equation 5 is integrated from to If^i&li/i^lh. It is assumed that u(0 is 
constant over this range (i.e., that the acoustic wavelength is much larger than the dimension of the hydrophone), it 
is also assumed that the normalized phase responslvity of the fiber, R(l), is constant and is equal to Rh in this range. 
Equation 5 then gives a phase difference amplitude between interfering beams due to hydrophone fiber modulation: 



(6) 



where it is assumed that a1 . Note that Equation 2 agrees with the expression given in Equation 1 . 

For the bus fiber, Equation 5 is iritegrated first from li=U to li=la^lt/2, and then from li=L-ft/2 \o l2=L to 
include both the upper and lower bus lines. Again, it is assumed that R(l) is constant and equal to Rt for all bus 
fiber, such that u(0 is constant in the integral of Equation 5. The phase difference amplitude between interfering 
beams due to fiber modulation becomes: 



(7) 



where it is assumed that qU/Zv a1. It should be emphasized that the assumptions on the constancy of u(0 and the 
amplitude of qCi/?v act to increase , thus giving a worst case scenario for the bus fiber. 

For the delay fiber, Equation 5 is integrated from /)=0 to /j^/d. and. as before, it is assumed that is 
constant over this range (i.e., the delay loop coil is much smaller than the acoustic wavelength), and that R(l) is 
constant and equal to Rd over the integral. Equation 5 then ^elds a phase difference amplitude between interfering 
beams due to delay fiber modulation given by: 



(8) 



where it is assumed that q{Lb+Li)/2v <t1. 

With Equations 6-8, the relative magnitude of these phase modulations amplitudes can be computed. First, 
it is noted that a standard plastic coated fiber has a norrnaPzed phase tesponsivity. R, of -328 dB re 1/fiPa, as 
described, tor exampte. in J A Bucaro. et al., Opffcaf fibre sensor coatings, Optical Fiber Sensors. Proceedings of 
ttie NATO Advariced Study Institute. 1986. pp. 321-338. On the other hand, as described, for example, in CO. 
Wang, et al.. Very hl^ responsi\^ fiber opffc hydrophones for commercial apf^ications. Proceedings of the SPIE- 
The International Socles for Optica! Enaineerina. Vol. 2360, 1994, pp. 360-363. a fiber wrapped around cunent 
hydrophones made from air-baclced mandrels has a nonnalized phase sensitivity of -298 dB re 1/^Pa. an Increase 
of 30 dB over standard fiber. If we assume that the delay loop and the bus fiber have the nonnalized phase 
responslvity of standard plastic coated fiber, and that the hydrophone fiber is wrapped around an air-backed 
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mandrel, then the ratio of or Rd is approximately 30 dB. Therefore, iffir the simplifying assumption made 
to reach Equations &6. it can be found that 

44 ] (9) 



and 



31 



(10) 



The ratio Lt/6i is a function of the hydrophone position. For the first hydrophone. UU^O malting 
^^/^^ - 31 and ^^1^^ extremely large. For the last hydrophone, typical values of 100 meters and 1 km for Lh 

and lb, respecthfely, are used to anive at ^^1^^ » ^L^^L the fact that the hydrophone fiber 

constitutes a relatively small amount of the overall Sagnac loop, the magnitude of the acoustically induced phase 
modulations in the hydrophone fiber are greater than tiie acoustically induced phase modulations in tiie delay loop 
fiber and in the bus fiber for even the furthest hydrophone. The following section describes a means for dealing with 
this level of distributed picl(-up noise using empty rungs. 

In order to evaluate ttie Integral in Equation 5 for the delay loop fiber, it is assumed that R(9=/^ for ail / less 
than U It was this constency of which eliminated any contribution to the integral of Equation 5 liom ^(L-Q to 
U (because the integrand became an odd function about L/2). However, coiling a long iengfli of fiber will result in 
some dependence in R(l) on / (possibly because the inner layer of fiber has a different /? than the outer layer). 
These variations in RO) increase the delay loop pick-up from hL-U\o U In onler to reduce tiiis pick-up, it Is first 
noted tiiat R(l) need only be an even function around U2 to make ttie integrand of Equation 5 an odd function about 
U2. R(l) can be forced to be more symmetric about 1/2 by wrapping the delay loop in such a way as to position 
symmetilc points of ttie fiber loop next to each ottier as shown in Figure 11. Such a wrapping ensures ttiat 
symmetric points of the delay loop are positioned in proximity to each other so tiiat any variations in R([) due to the 
position of the fiber on the coil are as symmetric about L/2 as possible, thereby making the delay foop ptek-up as 
close to the expression of Equation 8 as possible. Note that because each Sagnac toop in ttie Sagnac sensor array 
has a different LJ2 point, only one loop can be wrapped exactiy as shown In Figure 11. ttiereby inttoducing a small 
degree of oddness in Rff) to all but one of ttie Sagnac loops. 

It should also be mentioned ttiat in addition to enhancing ttie acoustic sensitivity of fiber witti a hydrophone, 
it Is possible to desensitize fibers by applying, a metellic coating of a particular diameter. (See, for example. J. A. 
Bucaro. OpScal ffbre sensor coatings, cited above.) Measured nonnarized phase responsivities as low as 
-366 dB re 1/nPa have been reported. If such fibers are used in tiie delay or bus lines, ttie ratio of Rh to Rt or ttie 
ratio of Rh to Rd approaches 68 dB (instead of 30 dB witii plastic coated delay and bus fibere), increasing ttie 
hydrophone induced signal over ttie delay and bus induced signal by 38 dB. 
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In order to furtlier eliminate distributed piclc-up signal, the hydrophone-induced acoustic modulation can be 
isolated from the distributed picl(-up modulation by placing empty mngs 300 that do not contain a hydrophone in the 
array 210, as shown In Figure 12. Each rung 216(i) which contains a hydrophone 212(1), called a sensing ning, is 

s proceeded by one of the empty rungs 300(1). The fact that the non-sensing fiber of each loop which encloses an 
empty rung 300(i) is neariy identical to the non-sensing fiber of the loop which'encloses the conesponding sensing 
nmg 212(1) means the empty njr^ 300(0 and the comesponding sensing rung 212(1) will have neariy the same 
distributed pick-up s^nal. By beafing this empty rung 300(1) as another sensor In the array 210 and property timing 
the pulses (in the TDM schethe) from the empty rungs 306(i) and the sensing rungs 212(0 so that they do not 

10 overiap, the distributed pick-up signal present on each sensing mng 212(0 can be measured. After detection, this 
signal can be subtracted from the sensing mng signal, leaving only intensity v^afions produced by phase 
modulations in the hydrophone fiber. Implementing such a scheme requires 2N mngs for an N sensor anay 210, 
thereby reducing the duty cycle of individual signals by one half. 

if desensitizing the bus portion of the anay 210 is not required, a single empty mng 300 can be placed in 

15 the array 210 to measure the disbibuted pick-up signal associated with the delay loop 214, tiiereby requiring only 
N-t-1 mngs (N sensing mngs 212(0 and one empty mng 300) for N sensors. If orie empty mng 300 does not 
adequately measure ^e distributed pick-up signal for each sensing mrig 212(0, more empty mngs 300 can be 
added at periodic Intervals along the array, until the distributed pick-up signal present on each sensing mng 2120) 
can be adequately measured by the nearest of these empty mngs 300. Using fewer empty mngs results in a higher 

20 duty cyde for individual signals. Figure 12 depkits the extreme in whteh an empty mng was added for every sensing 
mng. . 

Polarization 

For r^aximum contrast in any Interferometric sensor, the slate of polarization (SOP) of the Inteiterir^ be^ 
must be Menticai when they recombine. If they are orthogonal, there Is no Interference and thus no amplitude- 

25 modulated signial. This is retened to as polarization-biduced signal feding. Because each sensor in the Sagnac 
sensor anay is a Sagnac loop, the research carried out so far on polarization-induced signal fading in ttie Sagnac 
fiber gyroscope applies to the S^nac sensor anay as well. One promising solution is to place a depolarizer within 
ttie Sagnac loop. (See, for example, K. Bohm, et al.. LOW-DRIFT FIBRE GYRO USING A SUPERLUMINESCENT 
DIODE, ELECTRONICS LETTERS. Vol. 17, No. 10, 14ttj May 1981, pp. 352-353.) The depolarizer ensures tiiat at 

30 least half of tiie optical power is returning to the 3x3 coupter in ttie correct SOP at all times. This general approach 
produces a constant visibility regardless of the loop birefringence. (See, for example, William K. Bums, et al.. Fiber- 
optic Gyroscopes whh Depolarized Ught, JOURNAL OF LIGHTWAVE TECHNOLOGY. Vol. 10, No. 7, July 1992, 
pp. 992-999). The simplest configuration uses an unpolarized source sudi as a fiber superfluorescence source and 
a depolarizer in the loop. As illustrated In Rgure 13, in the Sagnac sensor array 200, one depolarizer 310 is placed 

35 at a point which Is common to all the Sagnac loops. The depolarizer 310 ensures that each sensor 212(0 has this 
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' constant visibility independe^ff birefringence as long as the loop birefringen^rcmains constant This represents 
a great simpnfication in the handling of polarization-induced signal feding over those methods used in Mach-Zehnder 
interferometric sensor airays. 

Although slow changes In the birefringence will be sufficiently canceled by the reciprocal nature of the 

5 Sagnac interferometer, birefringence modulations at frequencies in the acoustic range of interest will produce 
polarization noise. Most birefringence modulation at these frequencies occurs as a result of physical fiber 
movement. Thus, the Sagnac loop should remain stationary in onler to reduce the polarization noise (as well as the 
distributed pick-up signal). 

Noise Sources Introduced bv the use of the Saanac InteriiBfDmeter 
10 Thennal Phase Noise 

Because the Index of refraction of the fiber changes with temperature/thermal fluctuafions in a fiber will 
produce phase fluctuations in the light traveling through it These index variations are unconelated over the length 
of fiber, and titus the resulting phase fluctuations scale as the square root of length. Because Mach-Zehnder 
interferometers typically use less ttian 100 meters of fiber In each ann, the magnitude of this ttiemnal phase noise Is 

15 negligible. The Sagnac interferometer has a great deal more fiber in the interferometer and as a result ttiemrial 
phase noise can become a limiting noise source. The magnitude of this tiiermal phase noise In a Sagnac 
interferometer has been described theoretically and confinned by experiment. (See. for example, Sverre Knudsen, 
et al., Measurements of Fundamental Thenn^ Induced Phase Fluctuations in the Fiber of a Sagnac Interferometer, 
IEEE Photonics Technology Letters. Vol. 7, No. 1, 1995, pp. 90-93; and Kjell Kr&kenes. et al., Comparison of Fiber- 

20 Opfc Sagnac and Madh-Iahnder Interferorneters viiBh Respect to TTie/ma/ Processes in Fiber, JOURNAL OF 
LIGHTWAVE TECHNOLOGY. Vol. 13, No. 4. April 1995. pp. 682-686.). For loops greater than 2 km, the tiiermal 
phase noise can exceed 1 ^rad/>^ in the fiBquency range of interest, which is on ttie order of the required anay 
sensitivity. 

The ttiemial phase noise can be considered as a source of distributed pick-up noise, akin to an extemal 
25 modulation to tiie delay loop, and as such can be reduced by using empty rungs, as described above. Thermal 
phase noise can also be reduced by shortening tiie loop length. As discussed above, ttie loop lengtti can be 
shortened wHhout changing ttie low frequency sensitivity by increasing the hydrophone -fiber lengtii by ttie same 
factor as tiiat by which the delay loop was decreased. For example a 40-km delay loop witti 50 meters of 
hydrophone fiber has ttie same k>w-frequency response as a 20-km delay loop witti 100 meters of fiber. The latter 
30 combination however will suffer less ttiemial phase noise because ttie total delay loop lengtii is shorter by almost a 
fectoroftwo. 

Ken- Effect Induced Phase Noise 

Ken^Hnduced phase shifts which can be generated In a Sagnac interferometer have received a great deal of 
attention for ttie fiber optic gyroscope. (See, for example, R A Bergh, et al., Soume statistics and the Ken- effaa in 
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Hber-cptlc gyroscopes, Q^^LETTERS, Vol. 7, No. 11, November \m, pp. 563-565; RA Bergh. et al.. 
Compensation of the optical Kerr effect in fiter-opft'c gyroscopes, OPTICS LETTERS, Vol. 7, No. 6, June 1982, pp. 
282-284; and N.J. Frigo, et al.. Optical Kerr effect in fitier gyroscopes: effects of noninonoctmmkB: ^mc^i ^ 
OPTICS LETTERS, Vol. 8, No. 2, February 1983, pp. 119-121.) The demands of the "gyroscope and the acoustic 
sensor, however, are different because the gyroscope measures DC levels. Small DC oflsets created by Kerr- 
induced phase shrfts which would limit a fiber gyroscope are non-issues with an acoustic sensor. The KenMnduced 
tXJ jihase shift is not a problem as long as it does not move the bias point too far away fcom quadrature. The 
intensity noise on the light source can produce a Ken- induced phase noise on the output However, the magnitude 
of this Kerr-lnduced AC phase noise is small as long as the Ken--lnduced DC phase shift remains small. The origin 
of KOT-lnduced phase shifts In the Sagnac sensor array is different than in the fiber gyroscope. The asymmetry of 
the Sagnac sensor anay invites such a Keir phase shift much more readily than the nominally symmetric gyroscope 
• does. That asymmetry results from the array portion as well as any placement of EDFAs which are asymmetric, in 
that one beam sees gain before propagating through flie delay loop, tfien sees loss, while the counter-propagating 
beam sees loss, then sees gain. It is possible to balance these asymmetries and null the Ken--induced phase shift 
by choosing the proper location for EDFAs In tiie delay loop. The specifics depend on tiie exact amy configuration 
and which multiplexing scheme is used. 

Non-linear phase modulation resultinq from the EDFAs 

The population inversions created In the EDFAs induce a phase shift on the signal light that passes through 
it (See, for example, M.J.F. Digonnet et al., Resonantly Enhanced Nonllnearity In Doped F/te/s forLm-PowerAU- 
Optical Smtcliing: A Review. OPTICAL FIBER TECHNOLOGY. Vol. 3, No. 1, January 1997. pp. 44-64.) This 
phenomenon has been used to produce all-optical interferometric switches, in a Sagnac sensor anay. the EDFAs 
within the interferometer create a nonlinear phase shift via tiie same mechanism. Variations in the population 
inversion due to pump or signal power fluMons will produce phase modulations which will be converted to an 
intensity noise. 

In order to estimate tiie magnitude of tills nolse source, a deiennlnafion must be first made as to how ttie 
inverted population responds to pump and signal power fluctuations. This is relatively straighHbnwartI to do by invoking 
the rate equations for an ert^um system: 

N,+N^=N^ (11) 

where Ni and N2 are the population densities of ttie lower and excited states respectively, Nq is tiie total population 
density, / Is tiie Intensity, a Is ttie cross section. Aeff Is flie effective mode area in ttie fiber, and x2 is ttie lifetime of 
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level two. The subscripts jffid s denote pump and signal, respectively, am the superscripts a and e denote 
absorption and emission, respectively. 

;> - By splitting Ni, N2. Ip, and I5 Into their steady-state and time-varying components, then substituting this 
Into Equation 12 and combining Equation 12 with Equation 1 1 , tiie result is: 



hv, 

k 



p Pi 



hv. 



(13) 



where tiie superscript ss denotes steady-state values, and the time-vaiying components are now written as explicit 
functions of time (N2=N2^^+N2(t)). If it is assumed ttiat N2(t) is much smaller than N2^. then the last two terms In 
Equation 13 can be neglected. By writing lp(t)=lp'"sin(fpt) and IsWsl/'slnlfst) (where Ip^J and Is™ denote ttie 
modulation amplitudes of lp(t) and ls(t), respectively, and ^ and fs respectively denote ttie pump and signal 
modulation frequencies) and solving the resulting differential equations. It can be found ttiat 
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If it is assumed that A.p=1480 nm. X,5=1550 nm, and lpss=i w, and if typical erbium-silica cross sections 
are assumed, tlien Equations 14 and 15 simplify to: 



0.9 



if 

(17) 



\N^{f,\ 



1.2 



I"' 

(18) 



^Vl + /,V4.3kHz^ 

The pump-induced population inversion fluctuations (Equafion 17) will be analyst first If \^=\ mW, 
lpss=1 W, and it is assumed tfiat Ip/n/ipSSslO-fi/ Vlfe (120 dB/>S electronic SNR), tlien |N2(fp)|/N2^s = 9x10^ 

■lO ^F&i -I at frequencies well below 4.3 kHz. In order to convert this figure to a phase modulation, the fact that 10 
mW of punip power absorbed in an erbium-doped fiber induces approximateiy 7 radians of phase shift at 1550 nm 
can be used. (See, for example, MJ.F. Digonnet, et al.. Resonantly Enhanced Nonlinearity In Doped Fibers for 
ivvhPower All-Optical Switching: A Review, OPTICAL HBER TECHNOLOGY. Vol. 3. No. 1, January 1997, pp. 44- 
64.) Using simulations, 10 mW of absorbed pump power in a typical erbium-doped fiber provides approximately 6 
dB of small signal gain at 1550 nm, which is close to the gain required by each amplifier in an anay with distributed 
EDFAs. (Sea, for example, Craig W. Hodgson, et al., Optimization ofL^eScale Fiber Sensor Arrays Incorpoiab'ng 
Multiple Optical Ampiifiers-Rart I: Signal-to-Noise Ratio; Craig W. Hodgson, et al!. Optimization ofLaige-Scale Fiber 
Sensor Anays Incorporating Multiple Optical AmpllBers-Part II: Pump Power, Jefferson L. Wagenen el al., Novel 
Fiber Sensor Anays Using Erbium-Doped Fiber Anv)IHiers: and C.W. Hodgson, et aL, Large-scaie interferometric 
fiber seinsor anays with multiple optical amplifiers, cited above.) Therefbre, each amplifier provides approximately 7 
radians of DC phase shift. Since the nonlinear phase shifl is proportional to the upper state population, N2, ft can be 
written that AN2/N2««=A«|»/(j)SS. Using this relation and Equation 17 again for isSS=1 mW, lpSS=l w, ipfn/ipSSslO- 
and f,<<4.3 IcHz, the low-fiPequency phase noise Induced by each EDFA is (7 radians)x(9 x 10-10) •>^-1 
= 6.3 X I0r9 radlyfHz . If ft Is assumed that there are a total of 500 such amplifiere and that the phase modulations 
from ail 500 amplifiers add coherently, the total pump noise induced phase shift can be estimated to be 
3.2 urad/ ^fHz . The target phase noise floor is typically set to 1 Mrad/ Vlfe . indicating that the nonlinear phase- 
noise induced by the EDFAs due to pump power fluctuations is dose to but not significantly larger than the required 
phase noise floor. In practice, the amplifiers' phase modulations wiil not asU coherentiy, which will reduce the 
3.2 ^rad/-^^^ figure. 

Calculations of the induced phase shift due to signal power fluctuations are more complicated because the 
signal power not onfy has intensfty noise but is also modulated by flie multiplexing scheme. Again considering the 
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TDM case, in general, while a given pulse Is traveling through a particular EDFA. there may or may not be a counter- 
.._ propagating pulse traveling through that EDFA at the same time. Taking the worst case in which there Is always a 
counter-propagating pulse. Is'" Is twice the Intensity noise of each individual pulse. For the amplifiers, \^ is 
typically 1.5 to 2 times the intensity noise of each Individual pulse. Assuming the signal light has an electronic SNR 
of 120 dB/ Vlfe at acoustic frequencies {l.e., \^l\^=^QSl^fHz). and inserting this figure into Equation 18 along 
with lpss=i w and ls"'=2 mW, It can !» calculated that |N2(fs)|/N2«f is approximately 2.4 x io-9 Vlfe-I at 
frequencies much lower than 4.3 kHz and that the phase noise induced by signal intensity noise in each EDFA is 
thus 1.68x i(Hfad/>/Hz. Again assuming 500 amplifiers and coherent addition of all EDFA-induced phase 
modulation, the total EDFA induced phase noise on each pulse is 8.4 firad/>S. a level which could again limit 
the perfbmiance of the Sagnac sensor array. However, a more detailed study taking Into account the multiplexing 
scheme and exact timing of the anay Is needed for a more accurate calculation. 

Multiplexing Schemes in a Saonac anav 
Time-Division Multiplexing 

It has been assumed thus far that the Sagnac sensor anay is operated In a TDM configuration. It should be 
not^d that. In the Sagnac sensor anay, the source requirements for such a TDM system are not as demanding as 
those of a Mach-Zehnder interferometric sensor anay In a TDM configuration. The reason for this is the use of the 
broadband source in the Sagnac sensor anay. In the Mach-Zehnder interferometric sensor array, the light from 
adjacent mngs Is coherent due to the nanow llnewidth source, and thus extremely high extinction ratios on tiie input 
pulse are required to prevent multi-path coherent interference. These high extinction ratio requirements are 
achieved by placing multiple modulators In series, which results in a complicated, high loss, and expensive source.. 
In tiie Sagnac sensor anay, the required extinction ratio need not be as high because tfie broadband source 
eliminates any possibility of multi-path coherent Interference. In additfon. the nanow llnewldths required by the 
Mach-Zehnder interferometric sensor array prevent the use of a pulsed laser source in place of a continuous wave 
(cw) laser source which Is externally modulated with Lithium Ntobate intensity modulators. In the Sagnac sensor 
anay, either a continuous-wave ASE source which Is externally modulated, a pulsed ASE source, or some 
combination thereof could be used to construct the source. Again, the reason for tills Is fliat the Sagnac sensor 
anay does not require a nanoyr llnewidth source. Alttiough the present Invention does not require a nanow linewidtii 
source, it should be understood tiiat the Sagnac sensor anay of ttie present Invention can be used with a nam)w 
linewidtti source, such as. for example, a laser. 

Freouencv Division Multiplexing 

The use of. tt» broadband source also allows the Sagnac sensor anay to operate in non-TDM 
configurations without changing ttie design or requiring additional sources. Frequency division multiplexing (FDM) is 
commonly used wltti Mach-Zehnderinterferometric sensor anays using the Phase-Generated Canier (PGC) scheme 
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but is also compatible withWsagnac sensor anscf. Figure 14 shows a ba^ Sagnac sensor array 400 using a 
FDM schen». A fiber superfluorescent source (SFS) 402 (or other broadband source, such as, for example, an 
LED) generates input light. A chirped intensity modulation is applied to the input light via an intensity modulator 404 
which is controlled by a chirped frequency generator 406. The modulated light enters a sensor anay 410 via a 3x3 
coupler 412. The light passes through a delay loop 414 and plural sensing nings 416(0 having respective sensors 
418(0. Empty mngs (not shown) can also be included if desired. After passing through the delay loop 414 and the 
njngs 416(0. the light exits from the sensor anay 410 through the coupler 412 and is detected by a detector 420 
which generates an electrical output signal responsive to the detected light The electrical output signal from the 
detector 420 is rrifaced in a mixer 422 wth flie same chirped frequency whidi has been time delayed by a delay 424 
which delays the chirped frequency by a time At In the setup illustrated in Figure 14, the output of the mixer 422 is 
appfied to a spectrum analyzer 426. In an operational embodiment the output of the mixer 422 is applied to a signal 
processing subsystem (not shown) which analyzes the output of the mixer 422 to reproduce the acoustic signals 
Impinging on the anay 410. 

The signals retuming from the sensors 418(1) in the various mngs 416(0 are further delayed with respect to 
the delayed chirp frequency. This is illustrated by the graphs in Rgure 15 by the original chirped frequency 450, the 
delayed chirped frequency 452 from the delay 424. the chirped return signal 460 from the first rung, the chirped 
return signal 462 firom the second rung and the chirped return signal 464 from the third mng. In the mixer 422, 
separate beat frequencies ff,^ 470, ibi 472, f/g 474, respectively (shown in Figure 14), are fbnned between the 
mfadng chirped frequency 452 and each of the signals retuming from the various rengs in the Sagnac sensor anay 
410. (See, for example, S.F. Collins, et al., A Multiplexing Scheme For Optical Fibre Interferometric Sensors Using 
An FMCW Generated Carrier. OFS '92 Conference Proceedings, pp. 209-211.) Although only three chirped retum . 
signals 460, 462, 464 are illustrated in Rgure 15, it is contemplated tiiat up to N retum signals can be provided, 
where N is the number of mngs in the anay 410. The chirped retum signals from the Nth mng causes a beat 
frequency fbN in the mixer 422. 

As illustrated by a pictorial representation of a spectral output in Figure 14. acoustic modulation of the 
signals will appear as upper sidebands 480. 481. 482 and lower sidebands 484, 485. 486 to the beat frequencies. 
An advantage of this FDM scheme is that the demands on the array timing are greatly relaxed over those required In 
a TDM system. A TDM system requires a specific delay between adjacent mngs in order to prevent pulses from 
overlapping, and this can present a demanding engineering problem, in FDM, variations In fiber lengttis shift beat, 
frequencies but do not induce overiap between signals as bng as these beat frequencies are separated by twice ttie 
acoustic detection range. The latter Is accomplished by selecting tfie proper chirp rate. Unlike in a TDM system, all 
paths return r^ht at all times, which can result In phase noise between tfie different incoherent signals. The 
broadband ASE light source minimizes ttie magnitude of tiiis phase noise. (See, for example. Moslehl. Analysis of 
Optical Riase Noise in Fiber-Opttc Systems Employing a Laser Source with Arbitrary Cotrerence Time. Journal of 
Lightwave Technology, Vol. LT4, No. 9, September 1986, pp. 1334-1351.) 
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Code Division Multiplexing 

Code division multiplexing (COM) has received increased attention lately for its use in sensor anays. (See, 
for example. A.O. Kersey, et al.. Code^sion Multiplexed IntBrfemmetric Amy With Ptose Noise Reduction And 
Ixtw Crosstalk. OFS '92 Conference Proceedings, pp. 266-269; and H.S. Al-Raweshidy. et al., Spread specfri/m 
technique forpass'rve rnultiplexIngofinterferometriG optical fitm smsors, SPIE Vol. 1314 Rbie Optics '90, pp. 342- 
347.) As illustrated for a Sagnac sensor array 600 in Figure 16. In CDM. the input light from a fitier superfluorescent 
source 602 (or other broadband source, such as, for example, an LED) Is modulated in an intensity modulator 604 
according to a pseudo-random code generated by a code generator 605. The modulated light is applied to an 
interferometric loop 608 via a 3x3 coupler 610 and propagates ttirough a delay toop 614 and a plurality of mngs 
616(1) in an array 612. In ttie illustrated embodiment, each riing 616(i) includes a respective sensor 618(1). Empty 
mngs (not shown) can also be Included if desired. The light returns from tiie loop via the 3x3 coupler 610 and Is 
detected by a detector 620. The electrical ov^ul of tiie detector 620 Is applied to a correlator 622 along witti tiie 
output of tiie code generator 606. which output is delayed for a duration tcor by a delay 624. The bit duration of ttie 
pseudo-random code is shorter ttian tiie propagation delay between adjacent rungs In ttie array 612. VVhen tcor is 
equal to one of ttie loop travel times t/, ttirough a respective njng 616(i). ttien ttie signal returning from fliis sensor in 
ttie rung 616(1) is correlated to ttie delayed pseudo-random code. The otiier signals, which have delays tj where 
7ij-Ti7>TbK correlate to zero. The correlation process Involves, for exampte, multiplying ttie detected signal by 1 or - 
1 (or gating ttie signal in an electtonic gate 630 to ttie non-Inverting and inverting inpute of a difiierential amplifier 
632) depending on whettier tiie correlating code is on or off. The output of the differential amplifier on a line 634 is 
ttie conelated output The signal Is ttien time averaged over a period tsi^ equal to ttie duration of ttie code, the 
uncorrelated signals time average to zero, ttiereby isolating ttie signal from sensor 618(1). xar is scanned to rebieve 
sequentially ttie signals from ail sensors. 

An advantage of CDM over TDIW is fliat ttie delay between sensors does not have to be contoolied 
accurately. Any loop delays tj in which |Tj-xj±i|>tbit is acceptebte (v^here xfait is ttie duration of a pulse in ttie 
code). Correlating requires a knowledge of ttie tj's, which are easily measured; As witti FDM, ttie use of a 
broadband source benefits reducing ttie phase noise which results from ttie addition of all ttie signals togettier. 

The foregoing described a novel design for an acoustic sensor array based on tfie Sagnac interferometer. 
Themajor advantages of ttils design are ttie use of common-patti Interferometers. This eliminates flie conversion of 
source phase noise Into Intensity noise, vrtiich is prevalent in Mach-Zehnder interferomettic sensors, and allows ttie 
use of a cheap, high-power ASE source or ottier broadband source. The response of ttie Sagnac sensor array as a 
function of acoustic frequency is shown to match ttie ocean noise floor. The design also allows ttie dynamic range 
to be dramatically increased wittiout adding hydrophones by using one additional, very short delay loop. A 
technique for eliminating polarization-induced signal fading was discussed above. The Sagnac sensor array also 
allows ttie use of several multiplexing schemes in a simpler fonn ttian is achievabte wltti a standard Mach-Zehnder 
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anay. Because of these features, the Sagnac sensor array design provides a very promising altemathfe to Mach- 
Zehnder-interferometer-based sensor anays. 

Folded Saqriac Sensor Array 

Figures 17-20 illustrate alternative eml)odiments of a distributed acoustic sensor array based upon the 
Sagnac effect which has an architecture modified to reduce the distributed pick-up from the downlead fibers. In 
particular, Figure 17 illustrates a basic tolded Sagnac acoustic fiber sensor anay 700 which comprises a source 702, 
a first detector 704 and a second detector 706. Preferably, the source 702. the first detector 704 and the second 
detector 706 are located in the dry end of the sensor anay 700 (e.g., on shore or on board a ship). 

The source 702 generates light pulses which are coupled to a 3^3 coupler 71 0 via a downlead fiber 708. 
As illustrated, the 3x3 coupler is located in the wet end (e.g., proximate to the ocean floor). The 3x3 coupler 710 
has a first output port coupted to one end of a common fiber rung (rung 0) 712, has a second output port coupled to 
a first array input/output fiber 714 of an anay 716, and has a ttiird output port which is non-reflectively tenninated. 
Approximately 33 percent of the light from the source 702 is coupled to each of the first and second ports of the 3x3 
coupler and thOs approximately 33 percent of the light propagates to the common fiber rung 712 and approximately 
33 percent of the light propagates to the anay 716. As discussed above, although described herein as a 3x3 
coupler 710, other nxm couplers (e.g., a 2x2 coupler, a 4x4 coupler, ete.) can be used with the embodiment of 
Figure 17 and the alternative embodiments of the present invention described below. 

The anay 716 comprises a plunaTity of rungs 718(1) (I.e., 718(1), 718(2) ... 718(N)) coupled between the first 
array input/output fiber 714 and a second anay input/output fiber 720. Each rung 718(0 includes a respective 
acoustic sensor (i.e.. hydrophone) 722(i). The anay 716 advantegeously includes distributed erbium doped fiber 
amplifiers (EDFAs) 724, such as described above In connection wilh Rgure 3. (The pump source for the EDFAs 724 
Is not shown in Figure 17.) Although described herein with respect to the anay 716, other anay configurations can 
also advantegeously be used in the present invention. 

The second anay input/output fiber 720 couples the array 716 to a first port of a 2x2 coupler 730. A second 
end of the common mng (ning 0) 71 2 is coupled to a second port of the 2x2 coupler 730. Although described herein 
as an array 716 comprising plural sensors 722(0, it should be understood that the present invention has applications 
for a sensor system having only a single sensor 722. 

A third port of the 2x2 coupler 730 is nonreflectively tenninated at a tenninal 732. A fourth port of the 2x2 
coupler 730 Is coupled to a delay loop downlead fiber 740. The delay loop downlead fiber 740 couples the fourth 
poll of the 2x2 coupler to a first end of a delay loop 750. The delay loop 750 may be lofcated either in the dry end as 
shown or in the wet end. A second end of the delay loop 750 is coupled to a reflector 752 such that light exiting the 
second end of the delay loop 750 is reflected back into the delay loop 750. propagates through the delay loop 750 
and propagates through the delay loop downlead fiber 740 back to the fourth port of the 2x2 coupler 730. The light 
retamed from the loop downlead fiber 740 Is divided by the 2x2 coupler 730 with substentiaOy equal porttons 
propagating in the common rung 712 and In the anay 716 with both portions propagating toward ttie 3x3 coupler 
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710: The two porttons are combined in the 3*3 coupler 710 where light pulses which have traveled the same 
distance through the anay 716 and through the common rung 712 interfere and light pulses which have traveled 
different distances do not interfere. The signals resulting from the interference are output from the 3x3 coupler 710 
as first and second output signals which respectively propagate to the first detector 704 via a first detector downlead 
fiber 770 and propagate to the second detector 706 via a second detector downlead fiber 772. The detectors 704, 
706 generate electrical output signals which are analyzed by electronics (not shown) in a conventiohal manner to 
reproduce the acoustic signals Impinging on the sensore 7220). As discussed below, the signals which Interfere 
within the 3x3 coupler 710 return from each sensor 722(0 at different times, and can therefore be separated by time 
dh/felon multiplexing, frequency multiplexing, code division multiplexing, or the lilce, as discussed above. The non- 
interfering signals do not generate detectable ou^nit signals and are ignored. 

The embodiment of Figure 17 can be further modified by inserting a depolarizer (not shown) in one of tiie 
fiber segments 712, 714 or 720 In conjunction with an unpolarized source, as described above in connection with the 
Sagnac interferometer. Such embodiments will be described below In connection with Rgures 23A. 23B and 23C. 

The light in a single pulse from ttie source 702 will now be traced through the sensor array 700. A source 
pulse ftom the source 702 Is launched and travels down the source downlead 708 and through ti)e 3x3 coupler 710 
to the common rxing 712 and to ttie anay 716. Together, tiie common rung 712 and ttie N njngs 718(0 In tiie anay 
716 provide N+1 separate paths for ttie source pulses to travel to tiie 2x2 coupler 730. Because ttiere are N+1 
se|»rate pattis for ttie source pulse to travel, ttie source pulse is spitt into N+1 separate pulses which pass tiirough 
ttie 2x2 coupler 730 and travel down ttie delay loop downlead 740 to ttie delay loop 750. Alter passing ttirough tfie 
delay loop 750. ttie N+1 pulses are reflected by tfie reflector 752 and ttien propagate back tiirough ttie delay loop 
750. down ttie delay loop downlead 740 to ttie 2x2 coupler 730 in ttie wet end. still as N+1 separate pulses. Each of 
ttie N+1 pulses Is again spHt Into N+1 pulses In ttie common rung 712 and Oie N rungs 718(0. After passing back 
ttirough tfie common rung 712 and tfie mngs 718{0..ttie (N+1)2 pulses are combined in ttie 3x3 coupler 710 and 
ttien return down ttie detector downleads 770, 772 back to tfie dry end where ttie pulses are detected by ttie first and 
second detectors 704, 706 and analyzed. 

Because ttiere are (N+1)2 possible separate combinations of pattis from ttie source 702 to ttie reflector 752 
and back to ttie detectors 7H 706, ttiere are (N+1)2 returned pulses. The only pulses ttiat will interfere in a useable 
manner are pairs of pulses which travel tiie same exact paOi lengtfi but in opposite order. For ttie purposes of tfie 
following discusston, a pulse will be Identified by two numbers where ttie first number identifies ttie patti taken by tfie 
pulse from ttie source 702 to ttie reflector 752. and ttie second number identifies tfie patfi taken by ttie pulse from 
tfie reflector 752 back to tfie detectors 704. 706. For example, ttie pulse 0.1 travels tfirough ttie common rung (rung 
0) 712. ttien tfirough tfie delay loop 750. to tiie reflector 752. back tfirough Oie delay loop 750. and tfien tiirough rung 
718(1). The pulse 1.0 travels first ttirough ttie rung 718(1). ttien ttirough ttie delay loop 750. to ttie reflector 752. 
back through ttie delay loop 750, and tfien ttirough ttie common ning (rung 0) 712. Because ttie distance ttaveled 
by ttie pulse 0,1 is identical wlOi tfie distance traveled by ttie pulse 1.0, ttie pulse 0,1 and ttie pulse 1,0 interfere 
when combined at ttie 3x3 coupler 710 and ttierefore deflne a common-patti Interferometer (l.e., a fbld^ Sagnac 
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infeiferomBter) in the same^nner as the Sagnac interferometers described above. Acoustic sensing results from 
ihe hydrophone 722(1) which is placed in rung 1 which responds to acoustic modulation. The interfering pulses 0,1 
and 1,0 see the hydrophone 722(1) at different times and thus picl(-up a phase difference due to the time varying 
acoustic modulation of the hydrophone 722(1). At the 3x3 coupler 710, this phase difference is converted into an 
intensity modulation which is transmitted down tiie detector downleads 770. 772 to the detectors 704, 706. The 
same effect occurs for the pulses 0,2 and 2,0, for the pulses 0,3 and 3.0, etc. 

Bec^uise the fiDlded Sagnac interferometer is common-path, the souroe 702 can have a short coherence 
length, which means ttat interference will only occur between pulses which have traveled nearly Identical paths. 
Therefore, pulse IJ will interfere with pulse J,i only. As stated above, there are N interferometers of Interest (pulse 0.i 
interfering with pulse 1,0 for \^^ to N). There are also the, many other interferometers which do not include the 
common rung (ning 0) 712 (e.g., pulse 1,2 interfering with pulse 2,1, pulse 1,3 interfering with pulse 3,1, etc.). Such 
interfering pulses contribute noise to the useful pulses, and shall be refened to herein as noise pulses. These noise 
pulses carry two types of noise. As with all pulses, they carry additional shot noise, ASE-slgnal beat noise (in an 
amplified anay), phase noise, etc., which increase the detected noise. The noise pulses which fomi an unwanted 
interferometer (pulse 1,2 interfering with pulse 2,1, etc.) also cany intensity modulation due to interferometric 
sensing of acoustic waves. This intensity modulation is an unwanted signal and can be viewed as a source of noise. 
It Is important to note that these unwanted InteriiBromefers have as their interfering point coupters 280(1) through 
280(N) where the mngs 218(1) through 218(N) couple to the firat input/output fiber 714 of the anay 716, virhereas the 
signal pulses interfere at the 3x3 coupler 710. Because the noise pulses Interfere before they reach the 3x3 
coupter710 coupter. the Intensity modulation of the noise pulses is provided symmetrically to both detectors 704 and 
706. The signal pulses Which interiiere at the 3x3 coupler 710 however produce an asymmetric Intensity modulation. 
Therefore, by differentially amplifying the cunents from the detectors 704, 706, the intensity modulation of the signal 
pulses adds and the intensity modulation of the noise pulses subtracts, thus reducing the noise contribution of the 
unwanted interferometers. 

To completely eliminate all the noise added by these noise pules, the pulses of Interest can be separated 
from tiie noise pulses by using a time division multiplexing scheme and property choosing delay lengths. In 
particular, the optical paOi length from the 3x3 coupler 710 through the common mng 712 to the 2x2 coupler 730 is 
selected to correspond to a propagation time x. The optical path lerigth of a fiber portion from the 3x3 coupler to the 
coupler 780(1), through the firet rung 718(1), to a corresponding coupler 790(1) and to the 2x2 coupler 730 is 
selected to be (N+1)t. A portion of the optical path length is a common path from the 3x3 coupler 71 0 to the coupler 
780(1) and from the coupler 790(1) to the 2x2 coupler 730, and a portion of the optical path length is through the 
lurig 718(1). The optical path, lengths through each of the rungs 718(1) are preferably selected to be approximately 
equal. The total length of the optical patfi from the coupler 780(1) to the coupler 780(2) and the optical path from a 
coupler 790(2) to the coupler 790(1) is selected to be t such the total optical path lengtti from the 3x3 coupter 710 to 
ttie 2x2 coupler 730 through the second mng 718(2) is x longer than Uie total optical patt) tengtii from the 3x3 
coupter 710 to the 2x2 coupler 730 through the first rung 718(1) (Le., the total optical path tength between the two 



-28- 



wo 01/67806 ^ ^ PCT/US01/0694S 

couplers 710, 730 through Vsecond rung 718(2) is (N-»-2)t). The total aaditiorial optical path length for each 
successive Is selected to be t. Thus, the travel time of light from the 3x3 coupler 710 through a rung 718(1) to the 
2x2 coupler 730 is defined as the delay time 1\ of the rung 71 8(i). 

In accordance with the foregoing description, Tj is detennined by the optical path lengths through the njngs 
asfoDows: 

Tj = T i = 0 (forthe common rung 712) 

Tj = (N+i> 1 s I (for each of the sensing rungs 718(1), 718(2), etc. 
From the foregoing, it can be seen that the optical path length through the ferthest ning N Is (N-i-N)t or 2Nt. 

The duration of each pulse is selected to be no more than t. Thus, as illustrated In Figure 18, the first 
pulse 800 returned to the 3x3 coupler 710 will be the pulse which traveled through the common rung 712 (i.e., mng 
0) from the source 702 to the reflectoi* 752 and back to the detectors 704, 706. This pulse has a total propagation 
time of 2x. (In comparing propagation times, the propagation time of each piilse to tiie nellector 752 tiirough ttie 
delay loop 750 and back Is ignored because ttie prop^ation time Is common to all pulses and simply operates as an 
of^ (not shown) to flie timing diagram in Figure 18.) The next set 810 of pulses returned to tiie detectors 702, 706 
are ttie pulses virtiich travel ttjrough the common rung 712 In one direction and travel tiinough a sensing ning 718(0 
in tiie opposite direction (i.e., tiie pulses 0,1 and 1,0; 0,2 and 2.0; 0,3 and 3.0, through O.N and N,0). These pulses 
have respective propagation times of 2x+Nt, 3T+Nt, 4T+Nt, flirough (N+1)t+Nx. Thus, all ttie useful pulses are 
received between a time (N+2)x and a time {2N+2)x fincluding ttie duration x of ttie last pulse received). In contrast, 
ttie interfering pulses whteh travel through a sensing mng 718(1) In botti directions (i.e., ttie pulses, 1,1. 1,2 and 2,1, 
1,3 and 3,1 ... 2,2. 2,3 and 3,2, ... eto.) are received as a set of pulses 820 between a time 2(N+2)x and a time 
(4N+1)x. Thus, tiie signal pulses are separated from ttie noise pulses. 

For exampte, in Figure 18, ttie number of rebjmed pulses as a function of time is plotted for N=50. As 
lilusfrated. a single pulse is received at a time 2x. Thereafter, no pulses are received during ttie interval 3x tiirough 
52x. Then, from 52x tiirough 102x, two pulses are received during each time interval. The noise pulses tiien return 
froih a time 102x to a time 201x. In tills way, ttie signal pulses are separated in time fiom tfie noise pulses, flius 
preventing ttie noise pulses from adding noise to tfie signal pulses: The electrontcs (not shown) are readily 
synchronized to only took at tfie pulses received between ttie time 52x and ttie time 102x. 

It should be noted ttiat ttie source 702 can be activated to send out ttie next pulse at ttie at a time Interval of 
150x relative to ttie previous pulse because tiie Ox to 5(h Interval In response to ttie next pulse can overiap ttie 
150x to 200x interval of noise pulses rehiming in response to ttie previous source pulse. Thus, a next set 830 of 
useful pulses can begin aniving at a time 201 . Therefore, tiie embodiment of Figures 17 and 18 has an overall duty 
cycte of roughly 1/3 for useable signal infomiation. 

The advantage of ttie folded Sagnac acoustic fiber sensor 700 over ttie Sagnac loop illustiated in ttie 
previous figures Is tiiat tiie delay fiber 750 Is insensitive to modulation. Because ttie downleads ase often quite tong 
and are subjected to large movemente and vibrations, distributed downlead pickup is a potentially serious Hmitafion 
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to a Sagnac aoousb'c fiber ^or. In &ie folded Sagnac acoustic fiber sensor 700, the source 708 and detecbr 
downleads 770, 772 are Insensitive because they occur outside the interferometer. The delay loop downlead 740 is 
insensitive because all the interfering pulses travel this same fiber separated by small time delays (approximately 
1 microsecond) and thus see the same perturbations. Any low frequency (much less than approximately 1 MHz) 
modulation to the delay loop downlead and delay loop iteelf it seen substantially equally by both interfering pulses . 
arid thus does not contribute to a phase difference. The anay portion 716 and the common ning 712 comprise the 
only sensitive fibers in the interferometer 700: . 

As shown in Figure 17, the remotely pumped distaibuted &bim doped fiber amplifiers (EDFAs) 724 can be 
located throughout the array 216 to regenerate power, as discussed above. 

The 3x3 coupler 710 is used to passively bias each sensor 722(1) near quadrature and to allow source 
noise subtraction. Noise subtraction results fipom the fcict that each detector 704, 706 is biased on an opposite slope 
(because of theAray the signals coming out of the 3x3 coupler 710 are phased with re^ct to each other), causing 
phase modulation to asymmetrically affect the intensity at each detector, while source excess noise symmetrically 
affects the intensity at each detector. Therefore, by differentially amplifying ihe detector outputs, ttis phase 
modulation induced intensity variations are added and ttie source's intensity noise is subtracted in ttie same manner 
that ttie signals from tiie unwanted interferometers would be subtracted. 

It should be understood witii respect to Figures 17 and 18 tiiat a similar time divisional multiplexing efte(^ 
can be accomplished by providing a longer optical patii lengtti through the common aing 712 and shorter optical 
path lengtiis tiirough the sensing rungs 718(0. FOr example, ttte common mng 712 can advantegeously be selected 
to have an optical patti lengtii of 2Nx (i.e.. To = 2N), and the optical patiis through the rungs can advantegeously be 
selected to be x, 2x, 3t, . . . Nt. The toregoing can be summarized as: 
T|«2Nt i«0 (forthe common mng 712) 
Ti = ix .. liiiN (for each of tiie sensing mngs 71 8(1), 71 8(2), etc. 

Thus, tiie first signal to return will have an optical propagation time (again subtracting out tiie propagation 
time ttirough ttie delay loop 750 which is common to all signals) of 2x which is ttie time required to pass ttuough ttie 
first mng 718(1) 'm botti directions. The longest delay of any signal which passes ttirough one of ttie sensing miigs 
718(9 in botii directions is 2N for a signal pulse which travels botti directions ttirough tiie tertfiest sensing mng 
718(N). The first useable signal to return is a signal which results from ttie Interference of a signal which travels In to 
ttie reflector 752 ttirough ttie common nmg 712 and returns ttirough ttie first sensing mng 718(1) wiOi a signal which 
travds to the reflector 752 ttiipugh ttie first sensing mng 718(1) and retums ttirough ttie common rung 712. The 
interference signal wilt arrive at a time (2N+1 )t which is later ttian ttie last unwanted signal. The last useable signal 
will arrive at a time (2N+N)t (i.e., 3Nt). Finally, a signal produced by a pulse which baveled to and from tiie reflector 
752 in ttie common mng 712 arrives at a time 4Nx, which is well separated from ttie useable interference signals. 

It Is desirable for acoustic sensors to have as large a dynamic range (range of detecteble acoustic 
modulation amplitajdes) as possible. WItiiout using demodulation techniques such as ttie phase^enerated carrier 
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scheme, the minimum deteclSle phase modulation is set by the noise peiformance of the array, and the maximum 
. detectable phase modulation (approximately 1 rad) Is set by the nonlinear response function of an interferometer, in 
a Mach-Zehnder sensor, the mapping of acoustic modulation to phase modulation is a function of only the 
hydrophone's responsivlty. Thus, these limits on the detectable phase modulation along with this mapping of 

5 acoustic modulation Into phase modulation give the range of acoustic modulation the sensor can detect 

In a folded Sagnac acoustic fiber sensor array, the mapping of acoustic modulation into phase modulation 
if a ftmctipn of both the resppnsivity of each of the hydrophone {sensors);.722(i]i^^^^^ d^:toq> 
750. Thus by changing the length of the delay loop 750. the dynamic range of the sensors 722(0 can be adjusted 
without modifying the hydrophones 722(0 themselves. In addition, if two reflectors 742(1) and 752(2) are used, each 

10 sensor 718(0 can liave two different delay loops 750(1) and 750(2). as shown in a sensor 850 in Figure 19. This 
allows each sensor 722(1) to return two signals which have different dynamics ranges, as discussed above with 
respect to Figures 7 and 8. thereby greatly increasing the total dynamic range of each sensor 722(0. The penalty is 
a reduction in duty cycle for each individual signal by a fector of 1/(number of delay loops). 

Figure 20 illustrates a sensor 900 which Implements a phase-nulling technique similar to techniques which 

IS have been used In fiber gyroscopes. The delay loop reflector 752 of Rgure 17 is not used in the sensor 900 of 
Figure 20. F(ather, the pulses are instead returned via a return downlead 910 into the previously unused port of the 
2x2 coupler 730. An optical isolator 912 is inserted in the return downlead 910 to prevent light fiom traveling , the 
delay loop 750 in both directions. The sensor 900 of Figure 20 behaves identically to the sensor 700 of Figure 17 
with the reflector 752. However, the sensor 900 allows the addition of a phase modulator 920 to be inserted into the 

20 return downlead 910. The phase modulator 920 is activated to add a phase shift to each pulse indh/idually. By 
feeding the detected phase shift into the phase modulator 920 via a differential amplifier 922, phase changes are 
nulled out and the required applied phase shift in the phase modulator 920 becomes the signal, in this phase 
nulling method, the dynamic range of the array 900 is limited only by the maximum phase shift that the phase 
modulator 920 can provide. 

25 Rgure 21 Illustrates a further alternative embodiment of Rgure 19 in which the two delay loops 750(1) and 

750(2) are not connected to the same delay loop downlead. Rather, the first end of the first delay loop 750(1) is 
connected to a first delay loop downlead 740(1) which is connected to the fourth port of the 2*2 coupter 730 as in 
Figure 19. The second end of the firet delay loop 750(1) is coupled to the first reflector 752(1) as before. The first 
end of the second delay loop 750(2) is coupled to the third port of the 2x2 coupler 730 via a second delay loop 

30 downlead 740(2), and the second end of the second delay loop 750(2) is coupted to the second reflector 752(2). 
Approximately half the light from the 2x2 coupter 730 is coupled to each of the downleads 740(1), 740(2). The light 
In each downlead 740(1), 740(2) is delayed in the respective delay loop 750(1), 750(2) and Is reflected back to the 
2x2 coupler 730 as before. The reflected light is coupled to the common ning 712 and to the anay 716. The delays 
of the delay loops 750(1), 750(2) are selected so none of the N+1 pulses which propagate from the fourth port of the 

35 2x2 coupler 730 through the firet delay loop 750(1) overlap in time with any of the N+1 pulses which propagate from 
the third port of the 2x2 coupler 730 through the second delay loop 750(2). Thus, the embodiment of Rgure 21 
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provides similar funcBonali^ffttie embodiment of Rgure 19; however, the embodiment of Figure 21 utilizes the light 
which was coupled out of the third port of the 2x2 coupler 730 In Figure 19 and discarded. 

Figure 22 illustrates an alternative embodiment of a fiberoptic acoustic sensor system 1000 using a folded 
Sagnac sensor array. In the system 1000, a source 1004 is coupled to a first port of a 2*2 polarization maintaining 
coupler 1006 by an X-polarlzer 1008. A detector 1002 is connected to a second port of the 2x2 coupler 1006 via a 
X-polarizer 1010. A second detector (not shown) may advantageously be included In the embodiment of Figure 22 
&(j^«Q#irhg ipt ftorn ttiiQ^i^ The X-pdarizer 1008 only passes light from the source 

1004 having a first polarization (e.g., an X-polarizalion). Thus, the polarization maintaining coupler 1006 receives 
light having an X-polarizaBon from the source 1004 and couples the Dght to a common lung 1020 via a third port and 
to a sensor anay 1022 via a fourth port. The sensor anay 1022 has a similar structure to the sensor anay 716 of 
Figure 17. and like elements have been numbered accordingly. 

Note that the two X-polarizere 1008, 1010 can be replaced by one or more X-polarizere in altemative 
locations in the system 1000. 

The common rung 1020 is coupled via an X-polarizer 1030 to a firet port of a second polarization 
maintaining 2x2 coupler 1032. The light propagating to the array 1022 first passes through a depolarizer 1034 and 
then to the first input/output fiber 714. The depolarizer 1034 couples substantially equal amounts of the X polarized 
light to Y polarized light and to Y polarized light. Thus, approximately 50 percent of the light propagates In the array 
1022 as X-polarized r^ht, and approximately 50 percent propagates In the anay 1022 as Y-polarized light 

After passing through the rongs of the array 1022, the light propagates via the second input/output fiber 720 
and a Y-polarizer 1040 to a second port of the second coupler 1032. The Y-polarizer 1040 allows only Y-polarized 
light to enter the second coupler 1032. The coupter 1032 combines the fight from the anay 1022 and from the 
common mng 1020 Approximately half the light entering the coupler 1032 is coupled via a third port of the coupler 
1032 to a light absort)lng temilnation 1042, and approximately half of the light is coupled to a downlead fiber 1050 
which propagates the light to a first end of a delay toop 1052. 

Light passes through the delay loop 1052 to a Faraday rotating mirror (FRM) 1054. The operation of the 
Faraday rotating minor 1054 is well known and will not be described in detail. Basically, when light is incident onto 
tiie Faraday rotating minor 1054 in one polarization, it Is reflected In the orthogonal polarizatton. Thus, the 
X-poIarized light which passed flirough the common mng 1020 is reflected as Y-potarized light, and the Y-polarized 
light which passed through the anay is reflected as X-polarized light. 

The reflected light passes back through flie delay 1052 and enters the fourth port of the coupler 1032. The 
light Is coupled to the common mng 1020 and to tfie anay 1022. The X-polarizer 1030 In the common rung passes 
only the light In the X-polarization which originally propagated through flie anay 1022. SImilarty. ttie Y-polarizer 
1040 in the anay 1022 passes only Y-potarized light which originally propagated ttirough the common rung 1020. 

After propagating through ttie anay 1022, tiie returning Y-polarized light is depolarized in ttie depolarizer 
1034 to produce both X-polarized light and Y-polarized light The light from tiie common rung 1020 enters ttie tiiird 
port of ttie coupler 1006, and light from ttie depolarizer 1034 entere tiie fourth port of ttie coupter 1006. The light 
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combines in the coupler, an^K X-polarized light from the two ports which has traveled the same optical distance 
interferes and is coupled to the first and second ports. The portion coupled to the second port propagates through 
the X-pdarizer 1010 to the detector 10Q2 where the interfering signals are detected. 

It should bB understood that only the light which originally traveled different paths to and from the Faraday 
rotating mirror 1054 interferes at the coupler 1005. The only light allowed to propagate through the common rung 
1020 in the reflected direction is X-polarized light which originally propagated in the array 1022 as Y-polarized light 
Similarly, the only light allowed to propagate through any of the rungs of the array 1022 in the reflected direction is 
Y-polarized light which originally propagated in the common mng 1020 as X-polarized light Potentially interfering 
light cannot travel through the rungs in both directions to produce the noise s^nals described above in connection 
with the abcweKtescn'bed embodiments. Thus, each of the pulses generated in the anay 1022 from the lefiected 
pulse that originally traveled in the common rung 1 020 can interfere with only a singte one of the pulses which was 
originally generated in the anay 1022 and which propagated in the common rung 1020 after it was reflected. Thus, it 
is not necessary In the embodiment of Figure 22 to biclude additional delays to separate the useable signal pulses 
from noise pulses. 

Rgures 23A, 23B and 23C illustrate further alternative embodiments of the present invention. A sensor 
array 1 100 in the embodiments of Figures 23A, 23B and 23C Is similar to the sensor anay 700 in the embodiment of 
Figure 17. and like elements have been numbered accordingly. The embodiments of Rgures 23A, 23B and 23C 
include an unpoiarized source 1102. The 2x2 coupler 730 of Figure 17 is replaced with a polarization beam splitter 
(PBS) 1 104 in Figures 23A, 23B and 23C. The use of the polarization beam splitter 1 104 saves approximately 6 dB 
of power compared to the coupler 730 in Figure 17 and the coupler 1 130 in Rgure 22. The reflector 752 in Figure 17 
is replaced with a Faraday rotating minor (FRM) 1106, which is similar to the Faraday rotating minor 1054 of Figure 
22. The 3k3 coupler 710 In Figures 23A, 23B and 23C does not have to be a polarization malntelning coupler. 

Each of Figureis 23A, 23B and 23C includes a depolarizer 1110. In Figure 23A, the depolarizer 1110 is 
located on the first anay Input/output fiber 714. In Rgure 23B, the depolarizer 1 110 Is located on the common rung 
712. In Figure 23C. the depolarizer 1 1 10 Is located on the second array Input/output fiber 720. 

In the embodiment of Rgure 23A, light from the unpoiarized source 1 102 enters the 3x3 coupler 710 and is 
coupled In approximately equal portions to the common rung 712 and to the first anay input/output fiber 714. As 
discussed above in connection with Rgures 3 and 17, the use of the 3x3 coupter provides passive biasing near 
quadrature. The light propagating in the first array input/output fiber 714 passes through the depolarizer 1110, which 
has the effect of causing substanfa'aily half of the light entering the anay In one polarization (e.g., the X-polarizatlon) 
to be coupled Into the orthogonal polarization {e.g., the Y-polarlzation), and likewise half of the light entering the 
anay in the Y-polarizaHon to be coupled to the X-polarizatlon. thus, after the depolarizer 1110, half of the light in 
the X-polarization originated in the X-polarization and the other half of the light In the X-polarfzation or^inated In the 
Y-polarization. Ukewlse, after the depolarizer 1110. half of the light In the Y-polarization originated In the Y- 
polaiization and the other half of the light in the Y-polarizaSon originated In the X-polarization. Effectwely, ttie 
depolarizer 1110 scrambles the unpoiarized light 
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The Rght passes tffiugh the array 716 in the manner described above in connection with the other 
embodiments. The light exiting the an^y 716 propagates through the second array input/output fiber 720 to a first 
port 1121 of the polarization beam splitter 1104. The polarization beam splitter 1104 splits the incident light into the 
two orthogonal polarizations (i.e., the X-polarization and the Y-polarization). For the purpose of this discussion, it is 
, assumed that the polarization beam splitter 1104 operates like a polarization-dependent minor oriented at 45°, 
wherein light entering the first port 1121 in one polarization (e.g.. the X-polarization) is reflected to a second port 
1122 and light entering the first port 1121 in the other polariziation (e.g., the Y-polarization) is transmitted to a third 
port 1123. In the embodimerrt shown, the light exiting the siecond port 11.22 is ndntefiectively absoit)ed by the 
tenninator 732. The Y-polarized fight exitmg the third terminal 1123 propagates through the delay loop downlead 
fiber 740, through the delay loop 750 to the Faraday rotating minor 1106. Note that this Y-polarized light from the 
array portion 716 baveled ttirough the depolarizer 1110 and half of it was originally X-polarized light and half of It 
was originaBy Y-pblarized light As discussed above, the Faraday rotating mirror 1 106 causes the incident light to be 
coupled to the orthogonal polarizatfon. Thus, the Y-polarized light Is coupled to the X-polarization. 

The X-polarized light reflected by the Faraday rotating minor 1106 passes through the delay loop 750 and 
the delay loop downlead fiber 740 back to the third port 11 23 of the polarization beam splitter. Because the light is 
now in the X-polarization. the light is reflected to a fourth port 1124 rather than being transmitted to the first port 
1121. Thus, the Y-polarized light which was originally incident on the polarization beam splitter fiiam the array 716 Is 
coupled to ttie common rung 712 to propagate back to the 3x3 coupler 710 In the X-polarization. 

Unpolarized light which propagates from the 3x3 coupter 710 to the polarization beam splitter 1104 via the 
common mng 712 enters the polarization beam spfitter 1104 via the fourth port 1 124. The componente of the light in 
the Y-polarization are transmitted to the second port 1122 and are nonreflecti\«ly tenninated by the temiinator 732. 
The componenis of the light in ttie X-polarization are reflected to the third port 1 123 and propagate to the Faraday 
rotating mirror 1106 via the delay loop downlead fiber 740 and tire delay loop 750. (The reason for including the 
depolarizer 11 10 can now be understood. Because only the X-polarized light fiiom the common mng 712 is coupled 
to the delay loop downlead fiber 740, the depolarizer 1110 ensures that the light coupled ftomthe array 716 to the 
delay loop downlead fiber 740 also includes some light which was originally X-polarized.) The Faraday rotating 
minor 1106 reflects the light as Y-polarized light, and the Y-polarized light propagates through the delay loop and 
the downlead fiber to the third port 1 123 of the polarization beam splitter 1 104. 

The Y-polarized light incident on the third pOrt 1 123 of the polarization beam splitter 1 104 Is transmitted to 
the first port 1121 and thus to the second array input/output fiber 720. The Y-polarized light propagates flirough the 
array 716 to the first anay input/oulput fiber 714 and then passes through the depolarizer 1110 to flie 3x3 coupler 
710. The depolarizer 1110 operates to convert approximately 50 percent of the Y-polarized light to X-polarized Bght 
The X-polarized light from the depolarizer 1110 Interiieres witti the X-polarized light ftom the common rung 712. The 
resulting combined light is detected by the detector 704 or tiie detector 706 In accordance with the phase 
relationship between ttie Interfering light signals \n the 3x3 coupler 710. 
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Note that the X-pKz&i l^t incident on the 3^3 coupler 71oVm the depolarizer 1110 and the 
X-polarized light from the common rung 712 travel identical path lengths. For example, light which propagates 
through the common rung 712 first, propagates in the X-polarization through the common rung 712 and then 
propagates through the array 716 in the Y-polarization. On the other hand, the light which propagates through the 
anay 716 first propagates in the Y-polarization through the array 716 and then propagates In the X-polarization 
through the common rung. Because the two "counterpropagating' light signals are in the same polarizations when 
propagating through the conesponding portions of the interferome^ path, the propagation lengths are identical 
except for the effect of incident noise sensed by the array 71 6. 

It should t)e understood that the temiinator 732 coupled to the second port 1122 of the poiari^ 
splitter 1104 can t)e replaced with a second delay loop (not shown) and a secorid Faraday rotating minor (riot 
shoyvn) to provide a second interlisrometric path for light which interferes in the Y polarization. By adjusting the 
delay provided by the second delay loop, the return signals firom the second interferometric path can be precluded 
from overlapping with the return signals from the first interferometric path. 

The embodiment of Figure 23B is similar to the embodiment of Figure 23A except that the depolarizer 1110 
is positioned in the common mng 712. Tlie effect of the depolarizer 1 110 ini Rgure 23B is (1) to cause a portion of 
the light in the common aing 71 2 retuming firom the polarization beam splitter 11 04 in a single polarization (e.g., the 
X-polarization) to be coupled to the orthogonal polarization and (2) to scramble ttie unpolarized light which travels 
firom the 3x3 coupler 710 through ttie common rung 712 towards ttie polarization beam splitter 1104. This ensures 
tiiat the light interferes when it recomtrines at the 3x3 coupler 710 (the same reason the depolarizer 1110 was 
added to the fiber 714 of Figure 23A). 

The embodiment of Rgure 23C is also similar to the embodiment of F^ure 23A except that the depolarizer 
1110 Is positioned in ttie second anay input/output fiber 720. The embodiment of Figure 23C Is functionally 
equhralent to the embodiment of Figure 23A because it does not matter whether the light passes through the anay 
portion 716 and then passes through ttie depolarizer 1 1 10 or passes ttirough ttie depolarizer 1 1 10 and ttien passes 
ttirough ttie array portion 716. Thus, ttie function of ttie embodiment of Figure 23C is substentially ttie same as ttie 
function of tfie embodiment of Figure 23A, as described above. 

Figure 24 illustrates a furtiier alternative embodiment of ttie present invention in which a folded Sagnac 
sensor an^y 1200 includes the polarization beam splitter (PBS) 1104, ttie Faraday rotating minor (FRIVl) 1106, and 
ttie depolarizer 1110 connected as shown In tiie anay 1100 in Figure 23A. Ottier components from Figure 23A are 
also numbered as before. Unlike tiie anay 1100 in Rgure 23A which has ttie 3x3 coupler 710, the folded Sagnac 
seiisor anay 1200 has a polarization mainteining (PM) 2x2 coupler 1220 connected In like manner as ttie 2x2 
coupler 1006 in Figure 22. One port of ttie 2x2 coupler 1220 is connected to a first port of an optical circulator 1222 
via a first polarizer 1224. A second port of ttie optical circulator 1222 is connected to a first detector 1226. A ttiird 
port of tiie optical cinwiiator 1222 is connected to an unpolarized source 1228 (e.g., an intensity modulated fiber 
superfluorescent source). A second port of ttie 2x2 coupler 1220 is connected to a secorid detector 1230 via a 
second polarizer 1232. The detectors 1226 and 1230 and ttie unpolarized source 1228 are connected to ttie 
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circulator 1222 by standard^polarization maintaining) fbers. The polariz^ 1224 and 1232 are coupled to the 
polarization maintaining coupler 1220 via the polarization maintaining fiber such that the polarizers 1224; 1232 are 
aligned with a same axis of the polarization maintaining 2^2 coupler 1220. Altematively, if a polarized source is 
used in place of the unpolarized source 1228, the polarized source (not shown) is connected to a polarization 
maintaining circulator (not shown) by polarization maintaining fit)er, and the polarization maintaining circulator is 
connected to the polarizer 1224 by polarization maintaining fiber. The polarization maintaining components are 
connected suclii that the polarized light from the source passes, through the polarizer 1224. The connections .froin 
the polarization ihaintafhing circulator to the detectors 1226 and 1230 are provided by standard (not polarization 
maintaining) fibers. 

The folded Sagnac sensor array 1200 ftirther Includes a non^clprocal phase shifter 1250. The phase 
shifter 1250 is Mxipled to the common njng 712 via a first optical fiber 1252 having a first end 1254 and a second 
end 1256 and via a second optical fiber 1258 having a first end 1260 and a second end 1262. The first end 1254 of 
the first optical fiber 1252 is coupled to the common rung 712 proximate to the 2x2 coupler 1220 via a first coupler 
1264. The first end 1260 of the second optical fiber 1258 is coupled to the common rung 712 proximate to the 
polarization beam splitter 1104 via a second coupler 1266. The respective second ends 1256, 1262 of the first and 
second optical fibers 1252. 1258 are coupled to the phase shifter 1250, as discussed below in connection with 
Figures 25 and 26. 

Prefefably, the common ning 712, the first fiber 1252 and the second fiber 1258 are polarization 
maintaining (PM) fibers, and the first coupler 1264, the second coupler 1266 and the 2x2 coupler 1220 are 
polarization maintaining (PM) couplers. Also, preferably, the first coupler 1264 and the second coupler 1266 are 
50/50 couplers which couple approximateiy 50 percent of the light entering the common rung 712 in either direction 
to the phase shifter 1250 white approximately 50 percent of the light remains in the common rung. Thus, the non- 
reciprocal phase shifter 1250 and the associated fibers fbrni a second mg 1268 in parallel with the common rong 
712. 

Preferably, one of the mngs 712, 1268 (e.g., the common rung 712) includes a delay etement (e.g., a delay 
loop 1269) that introduces a time delay in one mng sufficfent to prevent the pulses propagating through the mngs 
from overiapping. Thus, the light returning to 2x2 coupler 1220 from the sensor array 716 comprises two pulses for 
each sensor that are spaced apart in time from each other. One pulse comprises the combined light that passes 
through the common rung 712 in each direction. The other pulse comprises the combined light that passes through 
the non-reciprocal phase shifter 1250 in each direction. It should be understood that the light pulse that passes 
through the phase shifter 1250 in one direction and the light pulse that passes through the common mng 712 in the 
ottier direction have substentiaDy diflierent propagation times and will not overiap in ttie coupter 1220. Thus, tfiey will 
not interfere. 

The light that passes though ttie common rung 71 2 in one direction does not undergo any phase shift wittiln 
tt»e common ning 712 relative to flie fight that passes through ttie common rung in tiie ottier direction. Thus, tiie 
combined light ttiat passes ttirough ttie common mng 712 in botti directions has a relafive phase bias of zero. 



-36- 



wo 01/67806 ^ ^ PCT/US01/0694S 

However, as discussed below, the non-recfprocal phase shiRer 1250 does introduce a shift of the light in one 
dlret^on mth respect to the light in the other direction. In particular, in a preferred embodiment, the phase shifter 
1250 introduces a relative nl2 phase shift between the light in the two directions. Thus, the light entering the coupler 
1220 that has propagated through the phase shifter 1250 iri both directions will combine in the coupler 1220 vnth a 
ii/2 phase bias. 

One iskilled In the art vnll appreciate 0iat the 50 peroerit coupler 1220 in the interferometric configuration 
shown In Figure 24 couples rehiming light to the output port correspotiding to the original input port when the 
returning %ht at the two input pbrte interferes in tf» coupler and has a relative phase difference of 0, 2n, .An, etc., 
and couples returning light to the other ou^ut port when the light has a relative phase difference of n, Zn, Sn, etc. 
When the returning light has a relative phase difference that is not a mulfa'pie of n, a portion of the returning light is 
output from both ports. For example, when the relative phase difference is an odd multipfe of nH (e.g., n/2, 37i/2, 
etc.), approximately 50 percent of the retumir^ light is coupled to each output port By providing two independent 
propagation paths, each detector 1226, 1230 receives tw) signals that are spaced apart in time and can therefore 
be separately detected. One signal has a 0 phase bias, and one agnal Jias a id2 phase bias so that when one 
signal is least sensitive to perturbation, the other signal is most sensitive to perturbation, and vice versa. It should 
be understood that additional rungs In parallel with the common ning 712 and with difliering amounts of relative 
phase shift can be included to provide pulses with different phase biasing. 

Rgure 25 illustrates an alternative configuration of a folded Sagnac sensor anay 1200', which is 
substantially similar to the folded Sagnac sensor array 1200 of Figure 24. In the folded Sagnac sensor array 1200' 
of Figure 25, the depolarizer 1110 is located in the second anray Input/output fiber 720 rather than in the first anay 
input/output fiber 714. Because of the reciprocal structure of the sensor array 716, the relocation of the depolarizer 
1 110 to the fiber 720 does not change the overall operation of the folded Sagnac sensor array 1200' vi*h respect to 
the operation of the folded Sagnac sensor array 1200. Thus, the operation of the folded Sagnac sensor array 1200' 
will not be descn'bed In deteil herein. 

The embodlmente of Figures 24 and 25 Include the sensor array 716, which was descn'bed in deteil above. 
It should be understood that other configurations of amplified sensor anays can also be used in place of the sensor 
array 716 in the embodlmente of Figures 24 and 25. 

Figure 26 illustrates a first preferred embodiment of the non-reciprocal k/2 phase shifter 1 250 of Figures 24 
and 25. As illustrated in Figure 26, the phase shifter 1250 comprises a first collimating lens 1270, a first 45* 
Faraday rotator 1272. a quarter-wave plate 1274, a second A5' Faraday rotator 1276. and a second collimating lens 
1278. In the illustrated embodiment, the first Faraday rotetor 1272. the second Faraday rotator 1276 and the 
quarter-wave plate 1274 comprise bull< optic devices that are commercially availabte, but may advantageously 
comprise fiber optic or other waveguide devices. The collimating lenses 1270, 1278 are positioned proximate to 
second ends 1256, 1262 of the PM fibers 1252, 1258 to focus light firom the fiber ends 1256. 1262 onto the Faraday 
rotetors 1272, 1276. respecthrely, and to focus fight fiom the Faraday rotetors 1272, 1276 into the fiber ends 1256, 
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1262. Each of the Faraday iKtors 1272, 1276 operates in a well-known manner to cause light Input to the Faraday 
rotator with its polarization at a particular angle to have the polarization rotated so Oiat the polarization is at a new 
angle rotated by a predetemiined amount with respect to the original angle. For example, in the prefened 
embodiment each Faraday rotator 1272, 1276 rotates the polarization of the incident light by 45' in ttie 
counterclockwise (ccwj direction. Thus, as illustrated in Figure 26, light emitted from the end 1256 of the PM fiber 
1252 havnng its polarization oriented horizontally, will be rotated by 45° counterclockwise in the first Faraday rotator 
1272 such that the polarization is oriented at an angle of 45' in the clockwise directkm with respect to the original 
orientetiori when It emerges from the first Faraday rotator 1272. 

The quarter^wave' plate 1274 is posittoned between the two Faraday rotators 1272, 1276. The quarter- 
wave plate 1274 has a first birefllngent axis 1280 and an orthogonal second birefilngent axis 1^2. Light 
propagating in a polarization oriented along one birefringent axis (e.g., the first birefiingent axis 1280) has a stower 
propagation velocity than he light propagating in a polarization oriented ak}ng the oflier birefringent axis (e.g., the 
second birefringent axis 1282). The quarter-wave plate 1274 is oriented so that the first birefringent axis 1280. for 
example, is oriented at 45' in the clockwise direction to the vertical, and is therefore oriented so that tiie light 
emerging from the first Faraday rotator 1272 is oriented along the first birefringent axis 1280 and is orthogonal to the 
second birefringent axis 1282. Because of ttie difference in propagation velocities along the two axes, the quarter- 
wave plate 1274 introduces a n/2 or 90" phase shift in the light polarized along the first birefringent axis 1280 with . 
respect to the light polarized atong the second birefilngent axis 1282. Thus, in accordance with this example, the 
light that originally propagated In the horizontel polarization that was rotated to be In alignment witii the first 
birefringent axis 1280 Incura a relative phase shift of 90' respect to any light that propagates along the second 
birefringent axis 1282. 

After passing through the quarter-wave plate 1274, ttie light passes through the second Faraday rotator 
1276 and is again rotated by 45' in the counterclockvwse direction. The light emerging from the second Faraday 
rotator 1276 passes through the second collimating lens 1278 and is focused into the second end 1262 of the 
second PM optical fiber 1258. It should be understood from the foregoing description tiiat any light output from the 
first PM optical fiber 1252 in the horizontel polarization enters the second PM optical fiber 1258 in the vertical 
polarization. As discussed above, the light entering ttie second PM optical fiber 1258 in the vertfcal polarization will 
have propagated along the sk}w birefringent axis 1280 of tiie quarter-wave plate 1274 and will incur a relative id2 
phase difference viritii respect to light ttiat propagates along the test birefilngent axis 1282. 

As indicated by its description, the non-reciprocal phase shifter 1250 operates in a non-reciprocal manner 
because of the operation of tiie Faraday rotators 1272, 1276. As described above, tiie light passing tiirough the 
Faraday rotatora 1272, 1276 from ttie first PM fiber 1252 to the second PM fiber 1258 is rotated 45' 
counterctockwise by each rotator with respect to ttie direction of propagation of ttie light shown in Figure 25. If ttie 
Faraday rotators were reciprocal, light propagating ttirough ttie Faraday rotators 1272, 1276 in ttie opposite direction 
wouM be rotated In ttie counterclockwise direction witti respect to ttie direction of propagation of ttie light; 
however, because ttie Faraday rotators are non-reciprocal, ttie light is rotated in ttie opposite direction (l.e.. 
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cloclcwise with respect to th^pagalion direction of the light). The non-reciprocal effect Is illustrated In Figure 27 
for light passing from the second end 1262 of the second PM fiber 1258, through the non-reciprocal phase shifter 
1250, to the second end 1256 of the.first PM fiber 1252. Note that when viewed as in Rgure 27, the rotation 
appears to again be in the cqunterclockwise direction; however, the light is now propagating toward the viewer. 
Thus, light emitted from the second end 1262 of the second PM optical fiber 1258 in the vertical polarization passes 
through the second dolllmating lens 1278 and through the second Faraday rotator 1276 and Is rotated to an 
. orientetion in alignment with the second (fasQ birefringent axis 1282 of the quarte^wave plate 1274. Thus, the light 
originally in the vertical polarization does not experience a relative delay as it propagates through the quarter-wave 
plate 1274. After passing through the quarter-wave plate, 1274. the fight pass^ through the first Faraday rotetor 
1272 such that the light Is rotated an additional 45' to the horizorrtal polarization. The light is then focused through 
the first collimating tens 1270 onto the second end 1256 of the first PM optical fiber 1252. 

From the foregoing, it can be seen that the horizontelly polarized light passing in the first direction fiom the 
first PM fiber 1252 to the second PM fiber 1258 via the non-reciprocal phase shifter 1250 propagates through the 
slow bireftingent axis 1280 of the quarter-wave plate 1274 and experiences a relative phase delay of 90* or ji/2. 
The horizontally polarized light propagating in the first direction is rotated such that that the light is oriented in the 
vertical polarization when it enters the second PM fiber 1258. Conversely, vertically polarized light passing from the 
second PM fiber 1258 to the first PM fiber 1252 via the non-reciprocal phase shifter 1250 In the second direction 
propagates through the fast bireftingent axis 1282 of the quarter-wave plate 1274 and does not experience a relative 
phase delay, the vertically polarized light propagating In the second direction is rotated such that the light Is 
oriented in the horizontal polarization when It enters ttw first PM fiber 1252. As will be discussed more ftjily below, 
the relative phase shifl between the horizontally polarized fight propagating In flie first direction with respect to the 
vertically polarized light propagating in the second direction provides a it/2 phase bias. 

Rgures 28 and 29 illustrate an alternative embodiment of the non-reciprocal phase shifter 1250, in which 
the first Faraday rotetor 1272 is positioned between ttie quarter-wave plate 1274 (now referred to as the firet quarter- 
wave plate) and a second quarter-wave plate 1294. In Rgure 28. light from the second end 1256 of the first PM fiber 
1252 is collimated by the first collimating lens 1270, as before. The light is originally in the horizontal polarization. 
When the light passes flirough the first quarter-wave plate 1274. it is converted to light having a dicular polarization. 
The circular polarized light passes ttirough flie first Faraday rotetor 1272. which causes the circulariy polarized light 
to incura phase shift of In the preferred embodiment, the first Faraday rotetor 1272 is setected to cause a phase 
shift of 71/4. The light fiom the Faraday rotetor 1272 remains drculariy polarized and passes through the second 
quarter-wave plate 1294. which converts the circulariy polarized light to lineariy polarized fight in ttie vertical . 
polarization orientetion. In addition to being in the vertical polarization, the light has experienced a phase shift of ^ 
(e.g,. nl4). 

Rgure 29 illustrates the operation of tiie altematlve embodiment of ttie non-reciprocal phase shifter 1250 
for light propagating In ttie opposite direction. In Figure 29. vertically poterized light from ttie second end 1262 of Oie 
second PM fiber 1260 is collimated by ttie second collimating lens 1278 and passes ttirough ttie second quarter- 
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wave plate'1294. The secon^uarter-yvave plate 1294 converts the veiticallypoerized light to light having a circular 
polarization. The circularly polarized light passes through the first Faraday rotator 1272 and experiences a phase 
shift as before. Because the light is propagaUng through the first Faraday rotator 1272 in the opposite direction, the 
light experiences an opposite phase shift of -<j> (e.g., -n/4). The light from the first Faraday rotator 1272 then passes 
llirough the first quarter-wave plate 1274, where the circularly polarized light is converted to linearly polarized Ijght 
with a^ horizontal polarization. Thus, the light propagating in the two directions ^experiences a total relathre phase 
shift of 2^ (e.g., nIZ), vrtiich has the same effect as the first emt)pdiment of the non-reciprocal phase shifter 1250 
illustrated In Figures 26 and 27. 

The effect of the non-reciprocal phase shifter 1250 on the orientation of the polarization and the phase 
delay provides the biasing ef^ described above and explained again in connection with Figure 24. As shown in 
Rgure 24, the light entering the second PM fiber 1258 in the vertical polarization is combined at the second PIVI 
coupler 1266 with the light that propagated through the common mng 712 from the first PM coupler 1264 to the 
second PM coupler 1266. For reasons that virill become apparent in the following discussion, it is desirable that the 
light entering the second PM coupler 1266 from the common mng 712 have the same polarization as the light 
entering the second PM coupler from the second PM fit)er 1258. Thus, in the.preferred embodiment either the 
second PM fiber 1258 or the common mng 712 is rotated by 90° so that the light In the vertical polarization in the 
second PM fiber 1258 is oriented in the same direcfion as the light in the horizontal polarization of the common mng 
712. This is readily accomplished by rotating the second end 1262 of the second PM fiber 1258 proximate to the 
second collimating tens 1278 so that the vertically polarized light enters the second end 1262 wHh its state of 
polarization oriented along the horizony polarizafion axis of the second PM fiber 1258. Thus, the light that exits the 
non-reciprocal phase shifter 1250 in the vertical state of polarization is applied to the coupler 1266 as light in the 
horizontal state of polarizafion with respect to the polarization axes of tfie coupler 1266. Accordingly, tiie light from 
the non-reciprocal phase shifter 1250 has the same state of polarization as tiie light from the common mng 712. 

The light that passes through tiie common mng 712 and ttie light that passes Uirough ttie non-reciprocal 
phase shifter 1250 next enter ttie port 1 1 24 of tfie polarization beam splitter (PBS) 1 104. The light in ttie horizontal 
polarization is output from ttie port 1 123 of ttie PBS 1 1 04 to ttie fiber 740. The fiber 740 includes Oie delay loop 750 
and is temiinated at ttie Faraday rotating minor (FRM) 1106. The delay loop 760 and ttie FRM 1106 operate as 
discussed above, and tiie reflected and delayed pulses are retomed to ttie port 1 123 of the PBS 1 104 In ttie vertical 
polarization. The pulses are output fiiom the port 1121 of ttie PBS 1104 to ttie array 716 via tiie fiber 720 and 
propagate in ttie clockwise direcfion ttirough ttie serisors 722(0 of ttie anay 716. 

The pulses are output from ttie array 716 via ttie fiber 714 and ttie depolarizer 1110 to ttie 2x2 coupler 
1220 where tiie clockwise propagating Bght is combined witti ttie counterclockwise propagating light. The 
counterpropagating light also starts out as horizonteDy polarized light. The light is depolarized and passes tiirough 
ttie sensor anay 716. Ught emerging ftom ttie sensor array 716 in tiie vertical polarization is reflected by ttie PBS 
1123 and is discanied via ttie port 1122 and ttie tenninator 732. Light emerging from ttie sensor array 716 in ttie 
horizony polarization passes ttirough ttie PBS 1123, is delayed by ttie loop 750. and is rotated to ttie vertical 



-40- 



wo 01/67806 ^ ^ PCT/US01/0694S 

polarization by the FRM 1 loRhe return light, which is in the vertical polarcSon, is reflected by the PBS 1123 to 
the port 1124 and is thus directed to the second PM coupler 1266. A portion of the light passes through the delay 
loop 1269 of the common rung 712 and a portion of the light passes through the non-reciprocal phase shifter 1250. 
As discussed above, light entering the non-reciprocal phase . shifter 1250 in the vertical polarization propagates 
through the test birefringent axis 1282 of the quarter-wave plate 1274 (Figure 27) and does not experience a relative 
phase delay. Thus, the two- pulses of countercloclomse liglit propagate to the coupler 1220 where they are 
combined vnth the dockwse propagating light pulses. The light signals that passed through the comrnon mng 712 
and the delay loop 1269 in both directions experience no relative phase shift and combme as discussed above. The 
light signals that passed through the non-reciprocal phase shifter 1250 In both directions experience a' relative phase 
shift of 7i/2 between the cibckwise propagating signal and the counterolockwise propagating signal and thus have a 
7i/2 phase bias, as discussed above. At both outputs of the coupler 1220, a portion of the two pulses of light 
returning from the sensor array 1200 is directed to the polarizer 1224, and the remaining portion is directed to the 
polarizer 1232. The role of the two polarizers 1224 and 1232 is to ensure that the light entering the loop has the 
same polarization as the light leaving the loop, which guarantees reciprocity. As described eariier, the tuo pulses 
reaching the detector 1230 are in phase quadrature, which ekm the use of a number of signal processing 
techniques well-known in the art to avoid signal fading. Similar comments apply to the detector 1226. In the 
embodiment of Figure 24, the generation of two pulses In phase quadrature is the main reason tor incorporating the 
rung containing the non-rec^rocal phase shifter 1250. 

Rgures 30-36 illustrate further alternative embodiments of the present Invention in which a folded Sagnac 
sensor array utilizes polarization-based biasing for multiple deteclore, wherein each detector has a bias point which 
can be set independently of the bias points of the other detectors. The embodiments of Figures 30-36 include the 
sensor anay 716, which was described In detail above. It should be understood that other configurations of 
amplified sensor arrays can also be used in place of the sensor anay 71 6 in the embodiments of Rgures 30-36! 

In a folded Sagnac sensor anay 1300 illustrated In Figure 30, a polarized fiber superfluorescent source 
(SFS) 1310 is coupled to a polarization controller 1312 via a fiber 1314. The fiber 1314 further couples the 
polarization controller 1312 to a first port of a 2x2 coupler 1316. A second port of the coupler 1316 Is an output port, 
which will be discussed below. A third port of the coupler 1316 is coupled via a fiber 1318 to a non-reflective 
tenninator 1320. A fourth port of the coupler 1316 is coupled to a first port 1330 of a polarization beam splitter (PBS) 
1332 via a common anay input/output fiber 1334. A second port 1336 of the polarization beam splftler 1332 Is 
coupled to a first horizontal polarizer 1338. The firet horizontal polarizer 1338 is coupled to ttie second array 
input/output fiber 720 of the anay 716. A thinJ port 1340 of the polarization beam spljtter 1332 is connected to a 
comimon delay fiber 1342, which Is fonned Into a delay loop 1344 and which Is tenninated at a Faraday rotating 
minor (FRM) 1346. A fourth port 1348 of the polarization beam splitter 1332 is coupled to a second horizontal 
polarizer 1350 and tiien to a depolarizer 1352. The depolarizer 1352 is coupled to the first anay Input/output fiber 
714. 
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The second port mm coupler 1316 is coupled to a detector subsystem 1360 via a fiber 1362. In the 
embodiment of Figure 30, the detector subsystem 1 360 comprises a 1 *n coupter 1 364 which has a single input port 
that receives the light from the second port of the coupler 1316. A first output port of the 1xn coupler 1364 is 
coupled to a polarization controller 1366. The polarization controller 1366 is coupled to a polarizer 1368, which is In 
turn coupled to a first detector 1370. A second output port of the Ixn coupler 1364 is coupled to a polarization 
controller 1372. The polarization controller 1372 is coupled to a polarizer 1374, which is coupled to a. second 
detector 1376. Additional polarization controllers, polarizers and detectors (not shown) can be ..connecbsd to 
additional ports (not shown) of the l^n coupler 1364. 

The folded Sagnacsensor array 1300 of Figure 30 operates In the following manner. The polarized SFS 
1310 provides a polarized output signal which passes ttirough the polarization controller 1312 via the fiber 1314. 
The polarization controller 1312 is adjustable to vary the polarization to a desired state of polarization. For example, 
In Figure 30, tiie steto of polarization is adjusted to provide Rneariy polarized light oriented at 45* witii respect to tiie 
vertical and horizontel axes at the input to ttie polarization beam splitter 1332. The light remains in Uie fiber 1314 
and is provided as the input to the coupler 1316. The coupler 1316 couples approximately 50 percent of ttie 
incoming light to the first output fiber 1318 and is ttius discarded at the non-reflective tenninator 1320. The coupler 
1316 couples approximately 50 percent of the incoming light to ttie common anay input/output fiber 1334. 

The common array input/output fiber 1334 guides the light to the polarization beam splitter 1330. which 
reflects horizontelly polarized light to ttie second port 1336 and wdiich passes vertically polarized light to ttie ttiiid 
port 1340. The reflected horizontally polarized light from flie second port 1336 passes ttirough ttie first horizontal 
polarizer 1338 to the second array input/output fiber 720 and propagates in a clockwise direction ttirough ttie anay 
716. The dockwise propagating light exits ttie array 716 via ttie depolarizer 1352 and ttie anay input/output fiber 
714. As discussed above, ttie depolarizer 1352 assures ttiat the exiting light is substentially equally disblbuted in 
ttie horizontel polarization mode and ttie vertical polarization mode after passing ttirough the sensors in ttie anay 
716, The clockwise propagating light ttien passes ttirough tiie second horizontel polarizer 1350, which eliminates 
ttie portion of ttie light in ttie vertical polarization. The clockwise propagating light in tiie horizontel polarization ttien 
enters tiie fourth port 1348 of ttie polarization beam splitter 1330 and is reflected to ttie ttiird port 1340 to propagate 
in ttie common delay fiber 1342. The returning clockwise light passes ttirough ttie detey loop 1344 to ttie Faraday 
rotating minor 1346 vifhere it is reflected as vertically polarized light The vertically polarized light retams to ttie ttiird 
port 1340 of ttie polarization beam splitter 1332 and is passed ttirough to ttie firet port 1330. 

As discussed above, ttie light which was originally incident at flie first port 1330 of ttie polarization beam 
splitter 1332 viras oriented at approximately 45° to ttie horizontal and vertical polarizations. Thus, approximately 50 
percent of ttie light corresponding to ttie vertically polarized component of ttie light passed ttirough tiie polarization 
beam splitter 1332 to ttie ttiird port 1340 and ttuis to ttie common delay fiber 1342. The vertically polarized light 
propagates ttirough ttie delay toop 1344 and is reflected by ttie Faraday rotating minor 1346 as horizontelly 
polarized light The reflected horizontelly polarized light passes ttirough flie delay loop 1344 and back to ttie ttiird 
port 1340 of ttie polarization beam splitter 1332. Because ttie light is horizontelly polarized, flie light is reflected to 
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the fourth port 1348 of th^Rarization beam splitter 1332 and is thus «Rd to propagate via the first anay 
input/ou^Hit fiber 714, through the second horizontal polarizer 1350, through the depolarizer 1352 and into ttte anay 
716 to propagate therein in a counterclocicwise direction. The depolarizer 1352 assures that the countsrclodcvi^ 
propagating light has components in all polarizations so ttiat when the counterciociwise propagating light emerges 
front the airay 716, there will be at les^ a portion of the fight in the horizontel polarization. 

The counterclockwise propagating light emerges from the anay 716 \fla the second anay input/output fibe^ 
720, and the horizontally polarized component of the light passes through the first horizontal polarizer 1338, which 
eliminates the light at other polarization orientations. The horizontally polarized light resulting from the 
counterclockwise propagating portion of the light enters the second port t336 of the polarizatton beam splitter 1332 
and is reflected to the first port 1330 of the polarizatton beam splitter 1332 where it is combined with the vertically 
polarized light which resulted from ttie clockvidse propagating portton of the light 

The combined light propagates to the fourth port of the coupler 1316 where approximately 50 percent of the 
combined Rght is coupted to the second port of the coupler 1316 and thus to the detector subsystem 1360 via the 
fiber 1362, The Un coupter 1364 divides the light into N portions. For example, In Figure 30, N is equal to 2, and a 
first portion of flie light is coupled to the polarization controller 1366 to propagate through the polarizer 1368 to the 
first detector 1370, and a second portion of the light Is coupled to ttie polarization contioller 1372 to propagate 
through the polarizer 1374 to the second detector 1376. The orientetions of the polarization controllers 1366, 1372 
and the polarizers 1368, 1374 can be adjusted to bias ttie optical signals incident on ttie first detector 1370 and the 
second detector 1376 at different phases. For example, the signal applied to the second detector 1376 can be 
biased to be in quadrature witti the signal applied to ttie first detector 1370 so ttiat when one signal has minimum 
. sensitivity, ttie ottier signal has maximum sensHhnty, and vtoe versa. 

As discussed above, each of ttie two signal portions travels ttie same distance tiiiough ttie array 716, 
tiirough ttie common delay fiber 1342, and ttirough ttie delay loop 1344. Thus, in 0ie absence of perturt)ations 
caused by acoustic signals or ottier noise impinging on ttie sensors in flie array 716, ttie two portions will be in 
phase and will constructively interfere to generate a combined optical signal having a linear polarization of 45»; 
however, ttie light has a stete of polarization orthogonal to tfie original state of polarization. Thus, if ttie original state 
of polarization was +45', ttien ttie state of polarization of ttie output light (again in ttie absence of a phase 
perturt)aflon) is -45'. 

In ttie presence of an acoustic signal, ttie clockwise propagating light and ttie counterclockwise propagating • ., 
light experience a relative phase shift. Witii increasing relative phase shift, ttie stete of polarization of the two 
Interfering beams changes from -45» linear polarization to left-hand circular polarization to +45' polarization to right- 
hand circular polarization and back to -45* polarization. The progriession ttirough ttiese four states- of polarization 
define a circte on tfie Poincar§ sphere. The stete of polarization at ttie output of ttie polarization beam splitter 1332 
oonesponds to a point along ttiis circle on ttie Poincar6 sphere whose location on ttie circle is a function of ttie 
acoustically-induced non-reciproca) phase shift. . . 
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After traveling froMne output of the polarization beam splitt9K32, through the common anay 
input/output fiber 1334, through the coupler 1316 and to the detector sutsyslem 1360, the stale of polarization of the 
combined signal is altered art)itFarily by the unknown birefringence of the fiber 1334. The polarization controller 
1366 proximate to polarizer 1368 in front of the first detector 1370 and the polarization controller 1372 proximate to 
the polarizer 1374 In front of the second detector 1376 are used to re-orient the states of polarization to a respective 
selected state of polarization for each detector 1370, 1376. The polarization controllers 1366, 1372 are set, for 
example, when no acoustic signals are applied to the array 716, and ttius no relative phase shift is introduced to the 
counterpropagating optical signals. 

For example, to provide a bias point of ±90' for the first detector 1370, the polarization controller 1376 is 
set so that when the combined light at the output of tiie polarization beam splitter 1332 has a left-hand ciroular state 
of polarization, the first detector 1370 detects either a maximum intensity or a minimum Intensity of tiie light For 
ottier stetes of polarization of tiie output light, tiie first detector 1370 detects light having an intensity between the 
maximum Intensity and tiie minimum Intensity. 

As a further exampte, the second detector 1376 can advantageously be set to a different bias point, such 
as, for example, 0* and 180*. For tills bias point, the polarization controller 1372 is set so ttiat when the light at the 
output of the polarization beam splitter 1332 has a -45'* state of polarization, the second detector 1376 detects eittier 
a maximum intensity or a minimum intensity of ttie light. For other states of polarization of the output light, ttie 
second detector 1376 detects light having an intensity between the maximum intensity and the minimum Intensity. 

It should be understood that the light applied to the input of the polarization beam splitter 1 332 can have a 
state of polarization oflier ttian ±45'. For example. If tiie Input light has an original left-hand circular state of 
polarization, tiie polarization confaollers 1366, 1372 are set accordingly to provide the appropriate bias points to ttie 
first detector 1370 and the second detector 1376. 

Figure 31 lliusbates an alternative configuration of a folded Sagnac sensor array 1300', which is 
substentiaHy similar to ttie folded Sagnac sensor array 1300 of Figure 30. In the folded Sagnac sensor array 1300' 
of Rgure 31, tiie depolarizer 1352 is located In tiie second array input/output fiber 720 rattier tiian in ttie first array 
input/output fiber 714. Because of the reciprocal stnicture of tiie sensor array 716, ttie relocation of tiie depolarizer 
1352 to ttie fiber 720 does not change ttie overall operation of ttie folded Sagnac sensor array 1300' witti respect to 
ttie operation of ttie folded Sagnac sensor anay 1300. The operation of ttie folded Sagnac sensor anay 1300' Is 
similar to ttie operation of ttie folded Sagnac sensor array 1300 and will not be described in detail herein. 

Figure 32 illustrates a further alternative embodiment of a folded Sagnac acoustic sensor anay 1400, which 
is similar to ttie folded Sagnac sensor anay 1300 of Figure 30. and like elements have been numbered acconlingly. 
Unlike ttie folded Sagnac sensor anay 1300. ttie folded Sagnac sensor array 1400 replaces tfie 2x2 coupler 1316 
witti a polarization Independent optical circulator 1410. The optical circulator performs a similar function as Oie 2x2 
coupler 1316; however, In flie folded Sagnac sensor array 1300 approximately 50 percent of ttie input light Is lost 
when ttie Input light Is split at ttie coupler 1 316 and approximately 50 percent of ttie output fight Is lost when it Is split 
at tiie coupler 1316. In ttie embodiment 1400. substentiaHy aH ttie Input fight Is passed from ttie polarized SFS 1310 
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through the circulator 1410 Ml polarization beam splitter 1332 and sul)sta A| all the output Dght is passed from 
the p(darization beam splitter 1332 through the drculabr 1410 to the detector subsystem 1360. 

Figure 33 illietrates an alternative configioation of a folded S£^nac sensor array 1400', which is 
substentiaOy simOar to the folded Sagnac sensor array 1400 of Rgure 32. In the folded Sagnac sensor array 1400' 
of Figure 33, the depolarizer 1352 Is located in the second anay input/output fiber 720 rather than in the first array 
input/output fiber 714. Because of the reciprocal structure of the sensor array 716. the reloqation of the depolarizer 
1352 to the fiber 720 does not change the overall operation of the embodiment 1400' with respect to the operation of 
the folded Sagnac sensor array 1400. Thus, the operation of the folded Sagnac sensor anay 1400' will not be 
described in detail herein. 

Figure 34 illustrates a further alternative embodiment of a folded Sagnac sensor array 1600 in accordance 
with the present invention, vrtiich includes a combined input/output subsystem 1610 which is coupled to the anay 
71 6 in a manner similar to the manner described above In connection with Figures 30-33. 

In Figure 34. a polarized source 1620 provides lineariy polarized input light along an axis of a polarization 
maintelning fiber 1622. The polarization maintaining fiber 1622 is roteted such that the polarization axis is oriented 
at ±45" witti respect to the vertical polarization axis of the input output system 1610. The light fjiom the fiber 1622 is 
. coupled to the input/output subsystem 1610 via a first collimating lens 1630. The first collimating lens 1630 directe 
the light toward a first port 1634 of a first polarization beam splitter (PBS) 1632. which also has a second port 1636, 
a third port 1 638 and a fourth port 1 640. The second port 1 636 directs a portion of ttie input light toward a first 45' 
Faraday rotator (45° FR) 1642. The third port 1638 directs a portion of the input light toward a second 45' Faraday 
rotator 1644. As will be described below, the fourth port 1640 directe a setected portion of output light to a detection 
subsystem 1650. 

The light passing ttirough ttie first Faraday rbtetor 1642 Is collimated by a second collimating lens 1660 and 
is coupled into tiie anay input/output fiber 720 and flius propagates to ttie sensor portion of the array 716 to 
propagate in a clockwise directfon ttrerein. 

The light passing through the second Faraday rotator 1644 passeis ttirough a half-wave (7J2) plate 1662. 
The half-wave, plate 1662 has first and second birefringent axes (not shown). One of tfie birefringent axes is 
oriented at an angte of 22.5" witti respect to the vertical polarization axis of the incoming light and at -22.5* vintfi 
respect to the 45° polarization of ttie light traveling toward It from the source (i.e., flie axis lies between vertical and 
the polarization of the light). The purpose of ttiis orientation will be described betow. The light passing ttirough ttie 
half-wave plate 1662 enters a first port 1672 of a second polarization beam splitter 1670. which also has a second 
port 1674, a ttiird port 1676 and a fourth port 1678. As discussed below, ttie second port 1674 Is not coupled to 
additional elements. Light output from tiie ttiird port 1676 is directed toward a Oiird colDmating tens 1680. Light 
output from ttie from ttie fourth port 1678 is directed toward a fourth collimating lens 1682. 

The light passing ttirough ttie fourth coDimating lens 1682 is coupled into ttie first anay input/output fiber 
714 and passes ttirough ttie depolarizer 1352 into ttie sensor portion of ttie anay 716 to propagate in a 
counterclockwise direction ttierein. 
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The light passing thflii the third collimating lens 1680 Is focused cSu^o end of the common delay fiber 
1342, propagates through the delay loop 1344 to the Faraday rotating mirror 1346. back through the delay loop 1344 
and back to the collimating lens 1680. The reflected light is thus directed back into the third port 1676 of the second 
polarization beam splitter 1670. 

5 As discussed above, the light from the fourth port 1640 of the first polarization beam splitter 1632 enters the 

detection subsystem 1650. The detection subsystem 1650 comprises a first beam splitter 1690, a second beam 
splitter 1692, a first birefringent element 1694, a second birefringent element 1696, a first detector 1698, a second 
detector 1700, a first polarizer 1702, and a second polarizer 1704. A first percentage of the light from the fourth port 
1640 is reflected by the first beam splitter 1690 and passes through the first birefringent element 1694 and the first 

10 polarizer 1702 to the first detector 1698. The remaining portion of the light from the fourth port 1640 passes through 
the first beam splitter 1690 and is incident on the second beam splitter 1692 where a second percentage of the light 
Is reflected by the second beam splitter 1692 to pass through the second birefringent element 1696 and the second 
polarizer 1704 to the secorld detector 1700. The remaining portion of the light passes through the second beam 
splitter 1692 to additional elements (not shown). If only two detectors are provkJed, the first percentage of coupling 

15 is advantageously 50 percent and the second percentage is advantageously 100 percent so that both detectors 
1698, 1700 receive approximately the same amount of light If a third detector (not shown) is included, then the first 
percentage is advantageously about 33D percent, and the second percentage Is advantageously about 50 percent so 
that the second detector 1700 detector also receives approximately 33D percent of the original light. The third 
detector would then receive the remaining 33D percent. 

. 20 The folded Sagnac sensor array 1600 of Figure 34 operates in the following manner. As discussed above, 

the light incident on the first (ens 1630 is oriented at 45'' to the vertical and horizontal polarization axes. Thus, the 
light passing through the lens 1630 and entering the first port 1634 of the first polarization beam splitter 1632 has a 
component in the horizontal state of polarization and a component in the verttoal stete of polarization. The horizontal 
component is reflected by the polarization beam splitter 1632 to the second port 1636, and ttie vertical component is 

25 passed ttirough the polarization beam splitter 1632 to ttie third port 1638. 

The horizontal component from the second port 1636 passes through ttie first Faraday rotator 1642, and 
ttie stete of polarization is roteted by 45* in a first direction (e.g., ck)ckwise) so ttiat ttie light emerging from ttie first 
Faraday rotator 1642 and incident on ttie second lens 1660 has a linear state of polarization at 45*". The light 
passes ttirough ttie second lens 1660 and enters ttie second anay input/output fiber 720 to propagate in ttie 

30 clockwise direction ttirough ttie anay 716. The light may encounter changes in polarization wittiin ttie array 716. 
Thus, as described above, ttie light exiting ttie array 716 via ttie first an^y input/output fiber 714 passes ttirough ttie 
depolarizer 1352, which assures ttiat at least a portion of ttie light is in ttie horizontei and vertical stetes of 
polarization. 

The clockwise propagating light from the first an^y input/output fiber 714 enters the input/output subsystem 
35 1610 via ttie fourth lens 1682 and is incident on ttie second polarization beam splitter 1670. The vertical component 
of ttie light passes ttirough ttie second polarization beam splitter 1670 is output from tiie second port 1674 and is 
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discarded. The horizontall)^Rirized component of the light is reflected flPe third port 1676 of the second 
polarization beam splitter 1670 and passes thropgh the third lens 1680 to the common delay fiber 1342 to cause the 
light to propagate through the delay loop 1344, be reflected by the Faraday roteting mirror 1346 in the vertical stete 
of polarization, pass back through the delay loop 1344 and the common delay fiber 1342 to the third lens 1680. The 

5 reflected light in the vertical state of polarization passes from the third port 1676 to the first port 1672 of the second 
polarization beani splitter 1670, passes through the half-wave plate 1662 to the second Faraday rotetor 1644 to the 
third port 1638 of the first polarization beam splitter 1632. Because the half-wave plate 1662 is oriented with one of 
its birefringerit axes at 22.5'' with respect to the vertical polarization a)ds, the vertical light incident on the half-wave 
plate 1662 is caused to be mirrored about the birefringent axis so that the stete of polarization of tiie light emerging 

10 from tiie hatf-wave plate 1662 is oriented at 45"" wiOi respect to vertical arid horizontel axes. The second Faraday 
rotetor 1644 rotetes ttie stete of polarization by a further 45** to cause tiie light emerging from ttie second Faraday 
rotetor 1644 and Incident on the third port 1638 of tiie first polarization beam splitter 1632 to have a horizontel stete 
of polarization. Thus, tiie light entering ttte ttiird port 1638 is reflected to tiie fourth port 1640 and enters ttie 
detection subs^em 1650 in the horizontel stete of polarization. . 

15 As set forth above, ttie vertical component of ttie input light incident on tiie first port 1634 of ttie first . 

polarization beam splitter 1632 passes through to ttie ttiird port 1638. The state of polarization of ttie light is roteted 
by 45*" by the second Faraday rotetor 1644 to a 45*" state of polarization witti respect to ttie vertical and horizontal 
polarization axes. The stete of polarization of tiie light is ttien minored about Uie birefringent axis of tiie hatf-wave 
plate 1662 so tiiat the stete of polarization of ttie light emerging from ttie half-wave plate is again oriented in ttie 

20 vertical direction. It will be understood by one skilled in ttie art ttiat ttie non-reciprocal action of ttie second Faraday 
rotator 1644 causes the vertically polarized light tiiat passes from left to right ttirough tiie second Faraday rotator 
1644 and ttien tiirough ttie half-wave plate 1646 to first be roteted to a 45'' stete of polarization and ttien to be 
mirrored back to a vertical state of polarization. In conttast. tfie vertically polarized light that passes from right to left 
is first mlnored by ttie half-wave plate 1646 to a 45"" stete of polarization and is ttien rotated by ttie second Faraday 

25 rotator 1644 to a horizontel stete of polarization. 

The vertically polarized light from ttie half-wave plate 1662 enters ttie first port 1672 of ttie second 
polarization beam splitter 1670 and passes ttirough to ttie ttiird port 1676 to ttie ttiird lens 1680. The vertically 
polarized light passes ttirough tfie common delay fiber 1342, ttirough ttie delay loop 1344, to ttie Faraday roteting 
minx)r 1346, and is refiected back ttirough the delay loop 1344 and the common delay fiber 1342 as horizontally 

30 polarized light. The horizontally polarized light passes ttirough the ttiird lens 1680 to the ttiird port 1676 of ttie 
polarization beam splitter 1670. The horizontally polarized light Is reflected to tiie fourth port 1678 and passes 
ttirough tiie fourtti lens to 1682 to ttie first array input/output fiber 714 and ttirough tiie depolarizer 1352 to propagate 
in a counterclockwise direction ttirough tiie array 716. 

The counterclockwise propagating light emerges from ttie anay 716 via ttie second anray input/output fiber 

35. ^ 720 and passes ttirough ttie second lens 1660 to ttie first Faraday rotetor 1642. The first Faraday rotetor 1642 
rotetes stete of polarization of tiie light by 45^. Since tiie light was effectively depolarized by ttie depolarizer 1352, 
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the light that passes througlfll first Faraday rotator 1642 to the second pl^K34 of the first polarization beam 
splitter 1632 includes light that has horizontally and vertically polarized components. The horizontally polarized 
components of the light are reflected to the first port 1634 and are output through the first lens 1630 to Ote input fiber 
1622. An isolator (not shown) is advantageously included to absorb the DghL 

The vertically polarized components of the counterclockwise propagating light entering the second port 
1636 of the first polarizafion beam splitter 1632 pass to the fourth port 1640 and are combined with the horizontally 
polarized components of the clockwise propagating light As discussed above in connection v#t Figure 30, if the 
counterpropagab'ng light experiences no relative phase shift, the light is combined as lineariy polarized light at a 45° 
state of polarization. A relative phase shift causes the state of polarization to vary, as further discussed above. 

The birefringent elements 1694, 1696 are included to selectively bias the light incident on the detectors 
1698, 1900 by introducing a relative phase shift for the light in the two different polarizations (e.g., ttie horizontal and 
vertical polarizations, the +A5' and -45° polarizations, or the left-hand circular and right-hand circular polarizations). 
The birefringent elements may advantageously comprise linear or circular waveplates (e.g., quarter-wave plates, 
half-wave plates, Faraday rotators, or the like). 

Figure 35 illustrates an embodiment of a foUed Sagnac acoustic sensor array 1750 similar to the folded 
Sagnac acoustic sensor array 1600 of Figure 34, and like elements are Identified with the same numbers as h 
Figure 34. Unlike the embodiment of F^ure 34,. the fbhfed Sagnac acot^c sensor anay 1750 includes an 
unpolarized light source 1720 instead of ttie polarized light source 1620. In onjer to utilize the unpolarized light 
source 1720, tiie folded Sagnac acoustic sensor anay 1750 includes a 45° polarizer 1730 between the first 
collimating lens 1630 and the first polarization beam splitter 1632. The 45° polarizer 1730 causes the light incident 
on the first port 1634 of ttie first polarization beam splitter 1632 to be oriented at 45° and to tt)us have substantially . 
equal components in the horizontal and vertical polarizata'ons. Thus, the fblded Sagnac acoustic sensor anay 1750 
of Figure 35 operates in substentially the same manner as the foMed Sagnac acoustic sensor array 1600 of Figure 
34, and ttie operation of ttie folded Sagnac acoustic sensor array 1750 will not be describe! in further deteil. 

F^ure 36 illustrates a further embodiment of a foMed Sagnac acoustic sensor array 1800 similar to the 
fbhled Sagnac acoustic sensor arrays 1600 and 1750 of F^ures 34 and 35, respectively, and like elements are 
identified witti ttie same numbers as In Rgures 34 and 35. Unlike ttie embodimente of Figures 34 and 35, ttie fblded 
Sagnac acoustic sensor anay 1800, ttie light signals passing ttirough tiie polarizere 1702 and 1704 are not directed 
to ttie detectors 1698 and 1700. Rattier, ttie fokted Sagnac acoustic sensor array 1800 Includes a collimating lens 
1810 positioned proximate to tire polarizer 1702 and a collimating lens 1812 positioned proximate to ttie polarizer 
1704. The collimating lens 1810 directe ttie light from ttie polarizer 1702 into a first end 1822 of a fiber 1820. The 
fiber 1820 has a second end 1824 proximate to tiie first detector 1698 such tiiat ttie light entering ttie fiber 1820 tmm 
ttie collimating lens 1810 is incident on ttie first detector 1698. Similariy, ttie collimating lens 1812 directs ttie light 
from the polarizer 1702 into a first end 1832 of a fiber 1830. The fiber 1830 has a second end 1834 proximate to tfie 
second detector 1700 such ttiat ttie light entering ttie fiber 1830 fiom ttie collimating lens 1812 Is incident on ttie 
second detector 1700. By including ttie collimating lenses 1810 and 1812 and ttie fibere 1820 and 1830, ttie fibers 
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are able to transport the lightwa distance to the detectors 1698 and 1700 JKt the detectors may be located in 
remote locations proximate to the detection electronics (not shown). 

Note that In Figures 34. 35 and 36, the depolarizer 1352 can be relocated from the first array input/output 
fiber 714 to the second array input/output fiber 720 without significantly affecting the operating characteristics of the 
5 folded Sagnac acoustic sensor anay 1600, the folded Sagnac acoustic sensor anray 1750 or the folded Sagnac 
sensor an^y 1800, 

Note further that the foregoing embodiments have been described in connection with superfluorescent light 
sources.:^One sicilled in the art will appreciate that other light sources (e.g., laser sources) may also be 
. advantageously used. 

10 Although the foregoing description of the array in accordance with the present invention has addressed 

undenvater acoustic sensing, it should be understood that tiie present invention can be used to sense any 
measurand which can be made to produce non-reciprocal phase modulations in a fiber. If, for example, the 
hydrophones were replaced witti an alternative sensing device which responds to a difiierent measurand, ttie anay 
would detect ttiat measurand In ttie same manner as acoustic waves are detected. The array of tiie present 

15 invention can be advantegeously used to sense vibrations, intmsions, impacte, chemicals, temperature, liquid levels 
and strain. The array of the present invention may also be used to combine a number of different sensors located at 
eittier the same place or tocated in different places (e.g., for tiie detection of various faulte at various pointe along 
ttie hull of a ship or a building). Otiier exemplary applications include tiie detection and tracking of moving 
automobiles on highways or airplanes on airstrips for traffic monitoring and control. 

20 Alttiough described above in connection witti particular embodiments of tiie present invention, it should be 

understood tiie descriptions of ttie embodiments are illustrative of ttie invention and are not intended to be limiting. 
Various modifications and applications may occur to ttiose skilled in ttie art wittiout departing from tiie tme spirit and 
scope of tiie Invention as defined in tiie appended claims. 
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WHAT IS CLAIMED IS : 




1. An acoustic sensor comprising: 
a source of light pulses; 

a first coupler which couples said light pulses to a first optical path having a first optical length and 
to an anay of sensors, said array of sensors comprising at least a first sensor, said first sensor being In a 
second optical path having a second optical length different from said first optical length; 

an optical delay path; 

a polarization dependent second coupler^ which couples light pulses received from said first 
optical path in a first polarization to said optical delay patti and which couples light pulses receh/ed from 
said array in a second polarization to said optical delay patti, said light pulses coupled to said optical delay 
patii in said first polarization retuming from said optical delay path to said second coupler in said second 
polarization, said light pulses coupled to said optical delay path in said second polarization returning from 
said optical delay patii to said second coupler in said first polarization, said second coupler coupling said 
light pulses retuming to said second coupler from said optical delay patii in said first polarization to said first 
optical patti to propagate ttierein to said first coupler, said second coupler coupling light pulses retuming to 
said second coupler from said optical delay patti in said second polarization to said anay to propagate 
ttierein to said first coupler, said first coupler combining said light pulses fn^m said first optical patii and said 
light pulses from said anay to cause light pulses traveling equal distances tiirough said first optical patti 
and said anay to interfere and to generate a detectable output signal, said detectable output signal varying 
in response to acoustic energy impinging on said first sensor; and 

at least one detector which detects said detectable output signals to generate a detector output 
signal responsive to variations in said detectable output signal from said first coupler. 

2. The acoustic sensor as defined in Claim 1, fiirttier including a second sensor in said anay, said 
second sensor being in a ttiird optical patti having a ttiird optical lengtti different from said first optical lengtti and 
said second optical lengtti. 

3. The acoustic sensor as defined In Claim 1, wherein said polarization dependent second coupler 
comprises a polarization beam splitter. 

4. The acoustic sensor as defined in Claim 1 , wherein: 

said optical delay patti comprises a lengtti of optical waveguide and a polarization rotating 

reflecton 

said reflector causes light incident on ttie reflector in said first polarization to be reflected as light In 
said second polarization; and 

said reflector causes light incident on flie reflector in said second polarization to be reflected as 
light in said first polarization. 
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1 5. The acousiPlnsor as defined In Claim 4, wherein said polVltion rotating reflector comprises a 

2 Faraday rotating mirror. 

^1 6. The acoustic sensor as defined in Claim 1 » wherein said first optical path includes a norv-reciprocal 

2 phase shifter which causes light propagating through said first optical path in a first direction and light propagating 

3 .through said first optical path in a second direction to experience a relative phase shift such that light combined in 

4 said first coupler has a phase bias. 

1 7. The acoustic sensor as defined in Claim 6, further comprising a third optical path in parallel with 

2 said first optical path, one of said first optical path and said third optical path including an optical delay to cause said 

3 first optical path to have an optical path length different from an optical path length of said third optical path, such 

4 that light propagating through said first optical path has a propagation time different from a propagation time of light 

5 propagating through said second optical path to thereby time multiplex said light pulses. 

1 8. The acoustic sensor as defined in Claim 6, wherein said non-reciprocal phase shifter comprises a 



2 first Faraday rotator, a quarter-wave plate and a second Faraday rotator, said first Faraday rotator, said quarter- 

3 wave plate and said second Faraday rotator positioned such that light propagating in said first direction passes 

4 through said first Faraday rotator, then through said quarter-wave plate, and then through said second Faraday 

5 rotetor, and such ttiat light propagating in said second direction passes through said second Fanaday rotator, ttien 

6 tiirough said quarter-wave plate, and then tiirough said first Faraday rotator. 

1 9. The acoustic sensor as defined in Claim 6, wherein said non-reciprocal phase shifter comprises a 

2 first quarter-wave plate, a Faraday rotetor, and a second quarter-wave plate, said first quarter-wave plate, said 

3 Faraday rotetor, and said second quarter-wave plate positioned such that light propagating in said first direction 

4 passes tiirough said first quarter-wave plate, ttien tiirough said Faraday rotator, and tiien through said second 

5 quarter-wave plate, and such that light propagating in said second direction passes through said second quarter- 

6 wave plate, then through said Faraday rotator, and then tiirough said first quarter-wave plate. 



1 10. An acoustic sensor comprising: 

2 a source of input light pulses; 

3 an an^y of optical sensors; 

4 an optical delay patii; 

5 an optical detector system; and 

6 an input/output system ttiat receives ttie input light pulses, tiie input/output system directing a first 

7 portion of each light pulse having a first polarization through the array of optical sensors In a first direction, 

8 tiien through tiie optical delay path, and tfian to the optical detector system, ttie input/output system 

9 directing a second portion of each light pulse in a second polarization orthogonal to tiie first polarization 

10 tiirough the optical delay patti, tiien tiirough tiie optical sensor array in a second direction, and tiien to ttie 
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optical detector syMr, the optical detector system receiving th^Rt pulses in the first and second 
polarizations and detecting changes in the light pulses caused by perturbations in the optical sensors. 

11. A method ofdetecting acoustic signals, comprising: 
generating an Input light signal; 

coupling said input light signal to at least first and second propagation paths to propagate in 
respective first directions therein, said first and second propagation paths having respective first and 
second optical lengths, said first and second propagation paths outputting respective first and second 
ou4>ut light portions, said first and second output light portions being output from sad first and second 
propagation paths at differing times in accordance with differences in said first and second optical patti 
lerlgtiis, s^d second output Rght portion being modulated by an acoustic signal impinging on said second 
propagation paUi; 

coupling said first light portion to a delay patii in a first polarization and coupling said second light 
portion to said delay patti in a second polarization, said delay patii outputting a first delayed light portion 
- conesponding to said first output light portion, said first delayed light portion having said second 
polarization, said delay patti outputting a second delayed light portion conesponding to said second output 
light portion, said second delayed light portion having said first polarization; 

coupling said first and second delayed light portions to said first and second propagation patiis to 
propagate ttierein In respective second directions opposite said respective first directions, said first 
propagation patii outputting a first set of return light portions, said first set of return light portions comprising 
a respective return light portion for each of said first and second delayed light portions, said second 
propagation patii outputting a second set of return light portions, said second set of return light portions 
comprising a respective retum light portion for each of said first and second delayed light portions; 

coupling said first and secorid sets of retum light portions to at least one detector, said retunv.light 
portions in said first and second sets of retum light portions resulting from output light portions and delayed 
light portions which bavel identical optical patii lengtiis interiering to generate detectable output signals; 
and . 

selectively detecting said detectable output signals to detect only output signals resulting from 
Interference of light portions which propagated In said first propagation patii in eiUier said first direction or 
said second direction, said detectable output signals varying in response to tiie acoustic signal Impinging 
on said second propagation patii. 

12. A sensor comprising: 
a source of light; 

a first coupler which couples light to a common path and to a sensing anray to propagate 
in respective first directions therein, said sensing array comprising a plurality of sensing paths; 
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a polarizaWdependent second coupler which couplJHiht from said common path and 
from said sensing array to a delay path, said second coupler coupling only light in a first 
polarization from said common path to said deie^ path, said second coupler coupling only light in a 
second polarization from said sensing an^y to said delay path, said delay path rotating light in said 
first polarization to said second polarization and rotating light in said second polarization to said 
first polarization, said second coupler further coupling light from said delay path in said first 
polarization to said common path and coupling light fbm said delay path in said second 
polarization to said sensing array to propagate in respective second directions therein to said first 
coupler, said first coupler providing output light responsive to said light propagating in said 
respective second directions; and 

a detector which receives said output light from said first coupler and generating an output signal 
responsive to inteiference of light in sand first coupler. 

13. The sensor as defined In Clairh 12, wherein said delay path comprises a lengtti of optical fber and 
a polarization rotating reflector, said lengtii of optical fiber selected to provide an optical delay time, said light 
propagating through said optical fiber from said second coupler to said reflector, said reflector reflecting light into 
said optical fiber to propagate tiirough said optical fiber to said second coupler, said reflector further rotating light 
incident in said first polarization to said second polarization and rotating light incident in said second polarization to 
said first polarization. 

14. The sensor as defined in Clanm 13, wherein said reflector comprises a Faraday rotating n^r. 

15. The sensor as defined in Claim 13, wherein said polarization dependent second coupler 
comprises a polarization beam splitter, and wherein said delay path receives said light fiom a port of said 
polarization beam splitter and retoms light to said port of said polarization beam splitter. 



-53- 



wo 01/67806 



5/JS 



PCTAJS01/0694S 




N 
X 

>- 
o 
z 

LU 

O 

UJ 

e 



(no gp) ivNois oasnoov 




(no gp) IVNOIS OaSOOOV 




(no gP) 1VN0IS IVOIiSnOOV 



wo 01/67806 



PCTAJS01/0694S 

9/38 W 





S3snnd a3Nyni3a # 



wo 01/67806 



5: 









r 











27/J8 



PCT/USOl/06945 




o 



I 





^ ^ ^ B 



r 



LiJ 
O 

o 



UJ 



R 

UJ 
Q 



O 
UJ 
>- 



22/J3 



PCTAJS01/0694S 



I 





o 
cc 

o 

1^ 



o 
z 

UJ 



o 

>- 
o 



wo 01/67806 

" 2J/JS 



PCT/US01/0694S 




PCT/USOl/06945 



25i/J3 




?3 



r 



r 




a: 
o 
»— 
o 

Ll) 
I— 
UJ 

o 

T 



is 



wo 01/67806 

^ 26/J3 



PCTAJSOl/06945 




g < igi iir Til 



y 5 uj 

-2^ 



wo 01/67806 



PCT/USOl/06945 




wo 01/67806 




wo 01/67806 




wo 01/67806 



J6/J8 



PCT/USOl/06945 




INTEBNATl 



[CMUL SEARCH REPORT jV^ 



rational application No. 
/USOl/06945' 



A. CLASSIFICATION OF SUBJECT MATTER 

IPCC7) ; H04R 1/44; GOIB 9/02 

USCL : 367/149 
According to latemational Ratent Classificatioh (IPO or to both national classification and IPC 
B« FIELDS SEARCHED 

Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 367/149, 140; 385/12, 13; 356/345; 250/227. 14. 227.16 

Documentation searched other than miniinum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 



C. DOCUMENTS CONSIDERED TO BE SEliEVANT 



Category ♦ 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



A,E 
A,P 



US 6.208,590 Bl (KIM ET AL,) 27 MARCH 2001 (27.03.2001), FIG. 2. 
US 6,097,486 A (VAKOC ET AL.) 01 AUGUST 2000 (01.08.2000), FIG. 2. 



1-15 
M5 



□ Further documents arc listed in (he coniimiaUon of Box C. Q See patent family annex. 



-L" 



Special caiegaries of died 

<lfai i i»fn i denoiiig ibe general siaie of Uie art which b mn considered to be 
of parilcQlar relevance 

earBcr ^pplicoUoa arpatem pubUsbed on or after the inienujloiuil fiBog date 

dtkmatas which taay ihniw doubts on prhniiy cZaim(s) or which Is dted to 
establish the publicaihu date of another dtatloa or oUier special reason (as 
specified) 



^O" docomeni referring lo an oral disclosure, use, cxbibillon or other Deans 

•*p* dnrnmrm pubOshed prior to tin fattcraational fifing date bm later than the 
priority due clahned ' 



later document published after the biernational fUtng date or priority 
date and 001 in conflict wtib the appUcailoo bm ctaed to understand (he 
principle or theory onderlyiiig the inventloB 

docmBem of particular reievmee; Ihe dabned bventioo cannoi be 
considered novd or cannot be considered to hivotve an bveotlve 5tq> 
wtten tb€ 4?^n wii! Is talceo alone 

document of panicuJar relevance; the cSalmed invenii<m caiutot be 
considered to taivoive an inventive step when the doctimeat is 
coinbined with one .or more other such docniBentSi such conDbloaiion 
being oibvlans to a person skUled b the an 

doCTunwit member of the same paieni family 



Date of the actual completion of tbe international search 
22 MAY 2001 (22.05.2001) 


Date of mailing ^^Q^^^^^^^^^^j^^ tepoit 


Name and mailing address of the ISAA/S 

Owrmmloner of Psteott and Tradsmarhs / 
BoxPCT / 
Washington. D.C. 20231 / 
Facsimile No. (703)305-3230 L/ 


Atfthorizfid officer/ yf\ £ 

jbAN PIHULIC^'*'^""'' ' 

Telephone No. 703-308-1113 



Form PCT/ISA/210 (second sheet) (July 1998) 



